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ABSTRACT
The M ic ro sp o r id a  a r e  a  l a r g e  group o f  h i g h l y  s p e c i a l i z e d  
o b l i g a t e  i n t r a c e l l u l a r  p r o to z o a n  p a r a s i t e s .  D e s p i te  t h e i r  wide 
d i s t r i b u t i o n  i n  n a t u r e  and t h e i r  d e v a s t a t i n g  e f f e c t  on a  v a r i e t y  o f  
an im a l p o p u l a t i o n s ,  r e l a t i v e l y  l i t t l e  i s  known a b o u t  th e  p h y s i o l o g i c a l  
c h a r a c t e r i s t i c s  o f  t h e s e  p a r a s i t e s  o r  o f  t h e i r  i n t e r a c t i o n s  w i th  
h o s t  c e l l  e l e m e n ts .  I n  th e  p r e s e n t  s t u d y ,  we have  i n v e s t i g a t e d  th e  
b io c h e m ic a l  and p h y s i o l o g i c a l  a c t i v i t i e s  o f  Ameson m ic h a e l i s  
(M ic ro s p o r id a )  d u r in g  g row th  w i t h i n  th e  b lu e  c r a b ,  C a l l i n e c t e s  s a p i d u s . 
The u l t i m a t e  o b j e c t i v e s  have  b een  t o  i d e n t i f y  some o f  th e  mechanisms 
by which th e s e  p a r a s i t e s  e x p l o i t  n u t r i e n t s  a v a i l a b l e  w i t h i n  h o s t  c e l l s  
and a l t e r  th e  b io c h e m ic a l  c o m p o s i t io n  o f  h o s t  t i s s u e s .
I n t e r a c t i o n s  o f  Ameson m ic h a e l i s  w i th  i t s  b lu e  c r a b  h o s t  
c o n t r i b u t e d  to  s i g n i f i c a n t  a l t e r a t i o n s  i n  th e  b io c h e m ic a l  c o n s t i t u e n t s  
o f  h o s t  t i s s u e s . M o d i f i c a t io n s  i n  s k e l e t a l  m uscle  p r o t e i n  and 
c a r b o h y d ra te  m e ta b o l ism  w ere  u l t i m a t e l y  r e f l e c t e d  i n  s u b s t a n t i a l
+ ™  4*v a r i a t i o n s  i n  hemolymph c o m p o s i t io n .  B lood o s m o l a l i t y ,  Cl and Na 
io n  l e v e l s  were d e c r e a s e d  w i th  heavy  p a r a s i t i c  i n v a s i o n ,  w h i le  K+ io n  
and n in h y d r i n  p o s i t i v e  s u b s ta n c e s  (NPS) l e v e l s  w ere  e l e v a t e d  i n  b o th  
l i g h t  and h eavy  i n f e c t i o n s .  M i c r o s p o r id io s i s  r e s u l t e d  i n  a  g e n e r a l  
i n c r e a s e  i n  a l l  hemolymph f r e e  amino a c i d s  d e t e c t e d  e x c e p t  g lu ta m ic  
a c i d ,  which d e c l i n e d  i n  c o n c e n t r a t i o n  i n  p a r a s i t i z e d  a n im a l s .
E f f e c t s  o f  A. m i c h a e l i s  s p o r o g e n e s i s  on h o s t  t i s s u e s  were 
o b se rv e d  by com paring  th e  b io c h e m ic a l  c o m p o s i t io n  o f  t h o r a c i c  and
c h e l i p e d  s k e l e t a l  m u s c u l a tu r e .  Reduced l e v e l s  o f  p r o t e i n  and 
c a r b o h y d r a t e  r e s e r v e s  w ere  n o te d  i n  i n f e c t e d  t h o r a c i c  r e l a t i v e  
t o  c h e l i p e d  s k e l e t a l  m usc le  w h i le  th e  o p p o s i t e  t r e n d  was o b se rv ed  
f o r  t i s s u e  f r e e  amino a c i d s  (NFS). The c o n c e n t r a t i o n  o f  n in e  o f  th e  
s i x t e e n  amino a c id s  d e t e c t e d  w ere  n o t  s i g n i f i c a n t l y  a l t e r e d  w i th  
i n f e c t i o n .  S k e l e t a l  m u sc le  g lu ta m a te ,  p r o l i n e ,  g l y c i n e ,  a la n i n e  
and a r g i n i n e  l e v e l s  d e c l i n e d  i n  p a r a s i t i z e d  a n im a ls  w h i le  t a u r i n e  
and t y r o s i n e  l e v e l s  w ere  e l e v a t e d .
M ic ro s p o r id a n  i n f e c t i o n  p ro d u ced  s i g n i f i c a n t  l a c t i c  a c id  
a c c u m u la t io n  i n  th e  hemolymph, t h o r a c i c  m uscle  and h e p a to p a n c re a s  
o f  p a r a s i t i z e d  b lu e  c r a b s .  L a c t a t e  c o n c e n t r a t i o n s  r e a c h e d  s i x  to  
sev en  t im e s  t h e i r  no rm al l e v e l s  i n  hemolymph and m u s c le ,  and fo u r  
t im es  th e  c o n t r o l  v a l u e  i n  t h e  h e p a to p a n c r e a s .  P a r a s i t i z e d  an im a ls  
a l s o  e v id e n c e d  re d u c e d  b lo o d  g lu c o s e  l e v e l s  d u r in g  th e  t e r m i n a l  s t a g e s  
o f  m ic ro s p o r id a n  i n f e c t i o n .
U n t i l  r e c e n t l y ,  b io c h e m ic a l  i n v e s t i g a t i o n s  o f  th e  m e ta b o l ic  
p r o c e s s e s  o f  th e  M ic r o s p o r id a  have s u f f e r e d  a s  a  r e s u l t  o f  i n s u f f i c i e n t  
numbers o f  th e  d i f f e r e n t  p a r a s i t e  s t a g e s  and in a d e q u a te  m ethods f o r  
th e  i n  v i t r o  c u l t i v a t i o n  and m a in te n an c e  o f  t h e s e  o rg a n is m s .  
M ic r o s p o r id a n  i n f e c t i o n  i n  th e  b lu e  c ra b  r e s u l t s  i n  t h e  p r o d u c t io n  o f  
l a r g e  numbers o f  p a r a s i t e s  w hich c an  be e a s i l y  r e c o v e re d  and induced  
t o  h a t c h .  We have  i n v e s t i g a t e d  th e  c a r b o h y d r a t e  m e ta b o l ism  o f  pu re  
p o p u l a t i o n s  o f  m ic r o s p o r id a n  sp o ro p la sm s  d u r in g  b r i e f  p e r i o d s  o f  
m a in te n a n c e  i n  e x t r a c e l l u l a r  c u l t u r e  m e d ia .
Ameson m ic h a e l i s  sp o ro p la sm s  r e a d i l y  u t i l i z e d  g lu c o se  when 
m a in ta in e d  e x t r a c e l l u l a r l y  i n  Medium 199 sup p lem en ted  w i th  3 mM ATF.
A d e c l i n e d  i n  exogenous g lu c o s e  was fo l lo w e d  by  th e  a p p ea ran ce  o f  
s u b s t a n t i a l  q u a n t i t i e s  o f  b o th  l a c t i c  a n d f t o  a  l e s s e r  e x t e n t ,  
p y ru v ic  a c i d s .  The p r o d u c t io n  o f  l a c t a t e  by  i s o l a t e d  m ic ro s p o r id a n  
p a r a s i t e s  may r e p r e s e n t  a  s i g n i f i c a n t  c o n t r i b u t i o n  to  th e  acc u m u la t io n  
o f  t h i s  m e t a b o l i t e  i n  th e  t h o r a c i c  s k e l e t a l  m usc le  o f  i n f e c t e d  
a n im a l s .
C e l l s  d e p r iv e d  o f  ATP r e a d i l y  l o s t  t h e i r  u l t r a s t r u e t u r a l  i n t e g r i t y ,  
d id  n o t  consume exogenous g l u c o s e ,  and p ro d u ced  o n ly  red u ced  q u a n t i t i e s  
o f  p y ru v a te  and b a r e l y  d e t e c t a b l e  l e v e l s  o f  l a c t a t e .  I n  th e  p re s e n c e  
o f  10 mM NaF, a  p o te n t  g l y c o l y t i c  i n h i b i t o r ,  sp o ro p la sm s  d id  n o t  
u t i l i z e  th e  g lu c o s e  s u p p l i e d  i n  th e  sod ium  n o r  d id  th e y  e v o lv e  
s u b s t a n t i a l  q u a n t i t i e s  o f  g l y c o l y t i c  e n d - p r o d u c t s .
The r a t e  o f  g lu c o s e  t r a n s p o r t  i n t o  m ic ro s p o r id a n  c e l l s  p ro ceed ed  
more r a p i d l y  a t  low ( 0 .5  mM) r a t h e r  th a n  h ig h  ( 5 .5  mM) s u b s t r a t e  
c o n c e n t r a t i o n s .  G lucose u p ta k e  by  A. m i c h a e l i s  sp o ro p lasm s d i s p la y e d  
s e n s i t i v i t y  tow ard  known i n h i b i t o r s  ( i . e . ,  1 mM o u a b a in  and 0 .5  mM 
a m i lo r id e )  o f  sodium  t r a n s p o r t .  The r e l a t i v e  im p o r tan c e  o f  Na+-  
d ep en d en t  g lu c o s e  t r a n s p o r t  a p p e a re d  to  v a r y  w i th  s u b s t r a t e  




P r e f a t o r y  Comments
I n t r a c e l l u l a r  p a r a s i t i s m  r e p r e s e n t s  an  ex trem e  o f  e c o l o g i c a l  s p e c ­
i a l i z a t i o n ;  n o t h i n g  l e s s  t h a n  an  i n t a c t  l i v i n g  h o s t  c e l l  w i l l  s u f f i c e  t o  
s a t i s f y  th e  e n v i r o n m e n ta l  r e q u i r e m e n t s  and  n u t r i t i o n a l  n eed s  o f  an  i n t r a ­
c e l l u l a r  p a r a s i t e  ( T r a g e r ,  197 4 ) .  The M ic r o s p o r id a  a r e  a  l a r g e  g roup  o f  
h i g h l y  s p e c i a l i z e d  o b l i g a t e  i n t r a c e l l u l a r  p r o to z o a n  p a r a s i t e s .  A lthough  
th e y  a r e  b e s t  known as  p a r a s i t e s  o f  a r t h r o p o d s  (W e ise r ,  1963; 1976) and 
f i s h  (S in d e rm a n ,  1970; C an n in g , 1976; 1 9 7 7 ) ,  m ic r o s p o r id a n s  hav e  b een  
i m p l i c a t e d  a s  t h e  e t i o l o g i c a l  a g e n t  o f  v a r i o u s  p a t h o l o g i e s  e v id e n c e d  i n  
b i r d s  (Kemp and K lu g e ,  197 5 ) ,  a m p h ib ia n s  and  r e p t i l e s  (C ann ing  e t  a l . , 
1964; S c h u e tz  e t  a l . ,  1978) and a  v a r i e t y  o f  mammals i n c l u d i n g  r o d e n t s  
( W e is e r ,  196 5 ),  c a r n i v o r e s  (V dvra e t  a l . ,  197 1 ),  u n g u l a t e s  (Khanna and 
I y e r ,  1971) and  p r i m a t e s ,  i n c l u d i n g  man (L a in s o n  e t  a l . ,  1964; V i t i n g ,  
1969; C an n in g , 197 5 ) .  D e s p i t e  t h e i r  w ide  d i s t r i b u t i o n  i n  n a t u r e  and 
t h e i r  d e v a s t a t i n g  e f f e c t  on a  v a r i e t y  o f  a n im a l  p o p u l a t i o n s ,  r e l a t i v e l y  
l i t t l e  i s  known a b o u t  t h e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e s e  p a r a ­
s i t e s  and th e  i n f e c t i o n s  w hich  th e y  p r o d u c e .
1. M ic r o s p o r id a n  D evelopm ent
The m ic r o s p o r id a n  l i f e  c y c l e  i s  c o m p r is e d  o f  two d i s t i n c t  a s p e c t s ;
( i ) ,  t h e  v e g e t a t i v e  p h a se  o r  merogony (commonly d e s i g n a t e d  " s c h iz o g o n y " ) ,  
d u r in g  w hich  p a r a s i t e  numbers i n c r e a s e  r a p i d l y  and th e  i n f e c t i o n  i s  
d i s s e m in a t e d  th ro u g h  th e  h o s t  t i s s u e s ;  and  ( i i ) ,  s p o r u l a t i o n ,  d u r in g  
w hich  s u p p le m e n ta l  p a r a s i t e  m u l t i p l i c a t i o n  o c c u r s  and  m a tu re  s p o r e s  a r e  
p r o d u c e d .
2
S ch izogony  in c lu d e s  b o th  b i n a r y  and m u l t i p l e  f i s s i o n .  However, th e  
fo rm er  i s  l e s s  common b e c a u se  i n  th e  m ic ro s p o r id a n  c e l l  c y c l e ,  k a r y o -  
k i n e s i s  t a k e s  p la c e  r e p e a t e d l y  b e f o r e  c y t o k i n e s i s  w i th  th e  r e s u l t i n g  
p r o d u c t io n  o f  p la s m o d ia l  s t a g e s  o f  v a r io u s  shapes  and s i z e s  (Vrfvra,
1976). These p la s m o d ia l  s t a g e s  s u b s e q u e n t ly  s e g r e g a te  i n t o  i n d i v i d u a l  
c e l l s  w hich  d ev e lo p  i n t o  s p o r e s ,  thus  c o m p le t in g  t h e  d ev e lo p m en ta l  c y c l e .  
S ta g e s  o f  t h e  v e g e t a t i v e  p h ase  o f  th e  l i f e  c y c le  ( a l s o  term ed m ero g o n ia l  
s t a g e s  o r  t r o p h o z o i t e s )  i n c l u d e :  ( i ) ,  sp o ro p la sm  o r  s p o r o p l a s t  —  th e  
s t a g e  w hich  i n t i a l l y  in v a d e s  h o s t  c e l l s ;  and ( i i ) ,  s c h i z o n t  ( o r  m ero n t)
—  t h e  s t a g e  which m u l t i p l i e s  r a p i d l y  and th ro u g h  w hich  th e  i n f e c t i o n  i s  
s p re a d  to  t a r g e t  h o s t  t i s s u e s .  The l i f e  c y c le  s t a g e s  o f  th e  s p o r u l a t i o n  
p h ase  i n c l u d e :  ( i ) ,  s p o r o n t  o r  s p o r o b l a s t  m other c e l l  - -  th e  s t a g e  o f  
a d d i t i o n a l  p a r a s i t e  m u l t i p l i c a t i o n  (sp o ro g o n y )  and o f  p o s s i b l e  in v o lv e ­
ment i n  au togam ic  gene re c o m b in a t io n ;  and ( i i ) ,  s p o r o b l a s t  —  th e  s ta g e  
e x p e r i e n c in g  marked m o rp h o g en es is  l e a d i n g  t o  th e  p r o d u c t io n  o f  th e  m atu re  
s p o re  s t a g e  ( sp o re  m o rp h o g en es is  = s p o r o g e n e s i s ) .
The l i f e  c y c le  s t a g e s  o f  th e  v e g e t a t i v e  and s p o r u l a t i o n  p h a se s  a r e  
s i g n i f i c a n t l y  d i f f e r e n t  n o t  o n ly  in  t h e i r  u l t r a s t r u c t u r e  b u t  a l s o  i n  
t h e i r  r e l a t i o n s h i p s  t o  th e  h o s t  c e l l  (V £ v ra ,  1976). The r e l a t i v e  
m u l t i p l i c a t i v e  im p o r ta n c e  o f  sch izo g o n y  and sporogony v a ry  among th e  
d i f f e r e n t  m ic r o s p o r id a n s . I n  some s p e c i e s ,  th e  s c h iz o g o n y  sequence  i s  
r e l a t i v e l y  s h o r t  and th e  p a r a s i t e  m u l t i p l i e s  e x t e n s i v e l y  d u r in g  sporogony  
( e . g . ,  P l e i s t o p h o r a ) . I n  o t h e r  fo rm s, th e  v e g e t a t i v e  p h a se  i s  th e  dom­
i n a n t  m u l t i p l i c a t i v e  p e r io d  and  the  s p o ro g o n ic  p h ase  iB r e l a t i v e l y  b r i e f  
w i th  t h e  number o f  s p o re s  o r i g i n a t i n g  from  a s i n g l e  s p o r o n t  b e in g  s t r i c t l y
l i m i t e d  ( e . g . ,  Nosema, E n c e p h a l i t o z o o n , T h e lo h a n ia  and o t h e r s )  (V a v ra ,  
1976).
2 .  Ameson m i c h a e l i s  i n  C a l l i n e c t e s  s a p id u s
M i c r o p o r i d i o s i s  i s  r e s p o n s i b l e  f o r  e x t e n s i v e  m u sc le  i n f e c t i o n s  i n  
a l l  o f  t h e  c o m m e rc ia l ly  im p o r ta n t  c r u s t a c e a n s  o f  t h e  G u lf  C oas t a r e a .  
Ameson m i c h a e l i s  ( "Nosema m i c h a e l i s ) e s t a b l i s h e s  e x t e n s i v e  m uscle  i n f e c ­
t i o n s  i n  t h e  b lu e  c r a b ,  C a l l i n e c t e s  s a p i d u s , r e s u l t i n g  i n  d e a th  o f  th e  
h o s t  w i t h i n  2 0 -3 0  d a y s  a f t e r  i n i t i a l  e x p o su re  t o  i n f e c t i v e  s p o re  m a t e r i a l .
U l t r a s t r u c t u r a l  e x a m in a t io n  o f  i n f e c t e d  m u sc le  t i s s u e  i n d i c a t e s  t h e  p r o -
9d u c t i o n  o f  l a r g e  numbers o f  i n f e c t i v e  s p o r e s  (up  t o  10 p a r a s i t e s / g m  
i n f e c t e d  m u B c le ) .
When s p o re s  a r e  i n g e s t e d  by  a  s u i t a b l e  h o s t  o r  a r e  s u b j e c t e d  t o  th e  
a p p r o p r i a t e  i n  v i t r o  c o n d i t i o n s ,  g e r m in a t io n  o f  t h e  s p o re  s t a g e  r e s u l t s  
( s e e  F i g .  1 ) .  The s p o r e  c o n t a i n s  an  e x t e n s i v e ,  c o i l e d  i n v a s i o n  tu b e  
w hich  i n j e c t s  th e  i n f e c t i v e  s p o r e - c e l l  ( s p o ro p la s m  o r  s p o r o p l a s t )  i n t o  
th e  h o s t  g u t  e p i t h e l i u m  (W e id n e r ,  1970; 1 9 7 2 ) .  The i n j e c t e d  sp o ro p la sm  
th e n  d e v e lo p s  i n t o  a s c h i z o n t  by  g row th  and d i f f e r e n t i a t i o n  o f  c y to p la s m ic  
o r g a n e l l e s .  Ameson m i c h a e l i s  s c h i z o n t s  d e v e lo p  and m u l t i p l y  p a r t i c u l a r l y  
w i t h i n  c e l l s  o f  t h e  m id g u t  subm ucosa l a y e r .  S c h i z o n t - i n f e c t e d  c e l l s  l i e  
i n  c l o s e  p r o x i m i t y  t o  t h e  hem ocoe l o f  t h e  b l u e  c r a b .  I t  iB c u r r e n t l y  
th o u g h t  t h a t  l i b e r a t e d  s c h i z o n t s  a r e  c a r r i e d  by  th e  c r a b ’ s open v a s c u l a r  
sy s te m  t o  th e  n e ig h b o r i n g  s k e l e t a l  m u sc le  w here  v e g e t a t i v e  i n v a s i o n  and 
s p o r o g e n e s i s  e n su e s  (W e id n e r ,  1970).
F ig u r e  1 -1 . L i f e  c y c le  o f  Ameson m i c h a e l i s  (M ic ro s p o r id a )  
i n  th e  b lu e  c r a b ( C a l l i n e c t e s  s a p i d u s . Mature 
s p o re s  (1 )  a r e  i n g e s t e d  by th e  h o s t  and a re  
p rim ed  t o  h a t c h  a s  th e y  t r a v e r s e  th e  a l im e n ta r y  
t r a c t .  The i n f e c t i v e  s p o r e - c e l l  o r  sp o ro p la sm
( 2 )  i s  i n j e c t e d  i n t o  t h e  g u t  e p i t h e l i u m .  
S c h iz o n ts  o r  t r o p h o z o i t e s  (2 & 3 ) a r e  found 
w i t h i n  c e l l s  o f  th e  m idgu t submucosa l a y e r .  
S p o ro g e n e s is  b e g in s  w i t h  th e  i n v a s i o n  o f  
t h o r a c i c  s k e l e t a l  m u s c u l a tu r e .  The s p o ro n t  
(A) d iv id e s  i n t o  s p o r o b l a s t s  (3 )  which 
d i f f e r e n t i a t e  i n t o  m a tu re  s p o re s  ( 1 ) .
Life Cycle of Ameson michaelis
m uscleigut wall
(after Wsklner, 1970)
P a r a s i t e  developm ent w i t h i n  th e  m y o f i b r i l s  o f  s k e l e t a l  m uscle  
p ro c e e d s  r a p i d l y  and i s  accom panied by th e  d i s o r d e r ,  d is a s s e m b ly  and 
f i n a l  d i s a p p e a r a n c e  o f  th e  component m y o fi lam en ts  (W eidner ,  1970). 
Spore  developm ent b e g in s  when th e  in v a d in g  d i p l o k a r y o t i c  s c h i z o n t  
d i f f e r e n t i a t e s  i n t o  th e  s p o r o n t  o r  s p o r o b l a s t  m o ther  c e l l .  A f t e r  r e ­
p e a te d  n u c l e a r  d i v i s i o n s ,  th e  s p o r o n t  u n d e rg o e s  d e la y e d  c y t o k i n e s i s  
and a  s e r i e s  o f  s p o r o b l a s t  p ro g en y  d e v e lo p  (W eidner ,  1970). S poro - 
b l a s t s  th e n  undergo  r a p id  m o rp h o g en es is  and d i f f e r e n t i a t i o n  i n t o  
m a tu re  s p o r e s .  The s p o r o b l a s t s  become e n c a p s u la te d  w i th  a  c h i t i n o u s  
ex tram em branous l a y e r  ( t h e  e n d o sp o re )  w hich  i n c r e a s e s  i n  th i c k n e s s  
and i s  d e l i m i t e d  by a  p e l l i c l e  c o a t  s tu d d e d  w i th  m ic r o tu b u le s  ( t h e  
e x o s p o r e ) .  S im u l ta n e o u s ly ,  w i t h i n  th e  d e v e lo p in g  s p o r o b l a s t ,  th e  
c y to p la s m ic  o r g a n e l l e s  a s s o c i a t e d  w i th  t h e  in v a s i o n  a p p a r a tu s  o f  th e  
m a tu re  s p o re  ( i . e . ,  t h e  p o l a r  f i l a m e n t  and p o l a r o p l a s t )  b e g in  t o  
a p p e a r .  With th e  c o m p le t io n  o f  s p o r o b l a s t  d i f f e r e n t i a t i o n  and m a tu r ­
a t i o n ,  t h e  r e s u l t i n g  sporeB a r e  a v a i l a b l e  f o r  e n t r a n c e  i n t o  a  new h o s t  
a n im a l .
Ameson m i c h a e l i s  o c c u r s  s p o r a d i c a l l y  i n  th e  b lu e  c ra b  a lo n g  th e  
G u lf  C o a s t .  A d u lt  c ra b s  a r e  i n f e c t e d  i n  th e  Lake P o n tc h a r t r a in /L a k e  
Borgne a r e a  o f  s o u t h e a s t e r n  L o u i s i a n a  b u t  se ldom  i n  l a r g e  num bers. 
P r o f e s s i o n a l  c r a b  f ish e rm e n  from t h i s  a r e a  e s t i m a t e  th e  l e v e l  o f  i n c i ­
dence  o f  n o t i c e a b l y  i n f e c t e d  c r a b s  to  be l e s s  th a n  1% on a  y e a r - ro u n d  
b a s i s  ( O v e r s t r e e t ,  1976). However, i n  warmer in s h o r e  a r e a s ,  Ameson 
m ic h a e l i s  i n f e c t i o n s  u s u a l l y  r e a c h  a p e ak  o f  4-5% in c id e n c e  i n  A u g u s t -  
Septem ber ( J u l i a n  K in g , p e r s o n n a l  c o m m u n ica tio n ) .
3 .  D e s c r i p t i o n  o f  I n t e n t
P r e v io u s  B tu d ie s  c o n c e rn in g  th e  M ic ro sp o r id a  have  d e a l t  a lm o s t  
e x c l u s i v e l y  w i th  d e s c r i p t i o n s  o f  m orphology and l i f e  c y c l e s .  R e l a t i v e l y  
l i t t l e  i s  p r e s e n t l y  known a b o u t  th e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  
th e s e  p a r a s i t e s  o r  o f  t h e i r  i n t e r a c t i o n s  w i th  h o s t  c e l l  e le m e n ts .  U n t i l  
r e c e n t l y ,  b io c h e m ic a l  i n v e s t i g a t i o n s  o f  t h e  m e ta b o l ic  p r o c e s s e s  o f  th e  
M ic ro sp o r id a  have s u f f e r e d  a s  a r e s u l t  o f  i n s u f f i c i e n t  numbers o f  th e  
d i f f e r e n t  p a r a s i t e  s t a g e s  and in a d e q u a te  methods f o r  th e  i n  v i t r o  
c u l t i v a t i o n  and m a in te n a n c e  o f  t h e s e  o rg a n is m s .  However, m ic ro s p o r id a n  
i n f e c t i o n  i n  th e  b lu e  c r a b  r e s u l t s  i n  th e  p ro d u c t io n  o f  l a r g e  nun&ers 
o f  p a r a s i t e s .  S in ce  Ameson m ic h a e l i s  s p o re s  can  be e a s i l y  re c o v e re d  
and in d u c ed  to  h a tc h  (W eid n er ,  1972; 1976) , th e  o p p o r t u n i t y  now e x i s t s  
to  i n v e s t i g a t e  p u re  p o p u la t i o n s  o f  t h e s e  i n t r a c e l l u l a r  p a r a s i t e s  d u r in g  
b r i e f  p e r i o d s  o f  m a in te n an c e  i n  e x t r a c e l l u l a r  c u l t u r e  m ed ia .
The g o a l  o f  th e  p r e s e n t  r e s e a r c h  h a s  been  t o  i n v e s t i g a t e  th e  b i o ­
ch em ica l  and p h y s i o l o g i c a l  a c t i v i t i e s  o f  A. m ic h a e l i s  d u r in g  growth 
w i t h i n  th e  b lu e  c r a b ,  C a l l i n e c t e s  s a p i d u s . The u l t i m a t e  o b j e c t i v e s  have 
b een  to  i d e n t i f y  some o f  th e  mechanisms by  which th e s e  i n t r a c e l l u l a r  
p a r a s i t e s  e x p l o i t  n u t r i e n t s  a v a i l a b l e  w i t h i n  h o s t  c e l l s  and a l t e r  th e  
b io c h e m ic a l  c o m p o s i t io n  o f  h o s t  t i s s u e s .  A d d i t i o n a l l y ,  t h i s  work 
r e p r e s e n t s  th e  f i r s t  s tu d y  c o n c e rn in g  th e  p h y s i o l o g i c a l  a c t i v i t i e s  o f  
p u re  p o p u la t i o n s  o f  i s o l a t e d ,  e x t r a c e l l u l a r  m ic ro s p o r id a n  p a r a s i t e s .
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INTRODUCTION
P a r a s i t i s m  f r e q u e n t l y  r e s u l t s  i n  th e  s i g n i f i c a n t  a l t e r a t i o n  o f  
h o s t  c e l l  m e ta b o l i sm .  D is tu r b a n c e s  i n  th e  b io c h e m ic a l  c o m p o s i t io n  o f  
h o s t  t i s s u e s  accom panying  p r o to z o a n  i n f e c t i o n  a r e  w e l l  docum ented ( s e e  
vo n  B ran d , 1973). The c o n c e n t r a t i o n  o f  v a r i o u s  i n o r g a n i c  c o n s t i t u e n t s  
i n  t h e  b lo o d  p la sm a  have  b e en  shown t o  v a r y  i n  s e v e r a l  m a l a r i a  (Zwemer 
a t  a l . |  194Oj Overman a t  a l . , 1949; Sadun e t  a l . ,  1965; Sherman and 
T a n ig o s h i ,  1971) and  i n  th e  l a t e r  s t a g e s  o f  t r y p a n o s o m ia s i s  (Zwemer and 
C u lb e r t s o n ,  1939; X k e j i a n i ,  1946 a , b ) .  P a r a s i t e - i n d u c e d  p e r t u r b a t i o n s  
i n  h o s t  c a r b o h y d r a t e  m e ta b o l ism  may r e s u l t  i n  a b n o r m a l i t i e s  i n  b lo o d  
s u g a r  l e v e l s  and t i s s u e  p o l y s a c c h a r i d e  r e s e r v e s  (M ercado , 1952; Mercado 
and  v on  B ra n d ,  1954; vo n  Brand and M ercado, 1956; Manwell and S to n e ,  
1968; Moon e t  a l . ,  1968; Sanchez  and D u sa n ic ,  1968 ;and  o t h e r s ) .  
S i m i l a r l y ,  chan g es  i n  th e  p r o t e i n  and f r e e  amino a c id  l e v e l s  
o f  h o s t  t i s s u e s  f r e q u e n t l y  o c c u r  d u r in g  p r o to z o a n  i n f e c t i o n  
(Sherman and  Mudd, 1966; Orm erod, 1967; S id d i q u i  and T r a g e r ,  1967;
Wang and M o e l l e r ,  1 9 7 0 ) .
Among p a r a s i t i c  p r o t o z o a n s ,  th e  m ic r o s p o r id a n  Ameson m i c h a e l i s  i s  
o f  g e n e r a l  i n t e r e s t  b e c a u s e  i t  a c c o m p l is h e s  m a ss iv e  i n v a s i o n  o f  h o s t  
c e l l s ,  p ro c e e d s  r a p i d l y  th ro u g h  s p o r o g e n e s i s  i n  h o s t  m u sc le  and i n f l i c t s  
w id e s p r e a d  t i s s u e  dam age. A. m i c h a e l i s  s p o r o g e n e s i s  t a k e s  p l a c e  i n  th e  
b l u e  c r a b  s a r c o p la s m .  A f t e r  e n t r y  i n t o  m y o f i b r i l s , s c h i z o n t s  d i f f e r e n ­
t i a t e  i n t o  s p o r o n t s  w i th  s u b s e q u e n t  m u l t i p l i c a t i o n  i n t o  s p o r o b l a s t s  
(W e id n e r ,  1970 ). The c o l o n i e s  o f  s p o r o b l a s t s  i n  th e  s a r c o p la s m  p r o v id e
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an  a p p a r e n t  m o le c u la r  chaos w hich  r e s u l t s  i n  t h e  d i s o r i e n t a t i o n  and 
e v e n tu a l  l o s s  o f  t h e  h ig h ly  o r g a n iz e d  m y o f i b r i l l a r  a r ran g em en t o f  th e  
h o s t  m uscle  (W e id n e r ,  1970). As th e  i n f e c t i o n  p ro c e e d s  t o  i t s  t e r m in a l  
s t a g e s ,  th e  h o s t  s k e l e t a l  m u s c u la tu r e  i s  l a r g e l y  r e p l a c e d  by  p a r a s i t e  
s p o r e s .  I n  t h e  p r e s e n t  s t u d y ,  we have  c h a r a c t e r i z e d  th e  p h y s i o l o g i c a l  
con seq u en ces  o f  m ic ro s p o r id a n  i n f e c t i o n  i n  t h e  b lu e  c ra b  a s  a  f u n c t io n  
o f  th e  a l t e r e d  b io c h e m ic a l  c o m p o s i t io n  o f  h o s t  s k e l e t a l  m u sc le ,  hemo­
lymph and h e p a to p a n c r e a s  t i s s u e s .
MATERIALS AND METHODS
A d u l t  i n t e r m o l t  b l u e  c r a b s ,  C a l l i n e c t e s  s a p i d u s , i n f e c t e d  w i th  
Ameson m i c h a e l i s  w ere  c o l l e c t e d  from  Lake P o n t c h a r t r a i n  i n  t h e  v i c i n i t y  
o f  I r i s h  Bayou, L o u i s i a n a .  A d d i t i o n a l l y ,  n o n - i n f e c t e d  b l u e  c r a b s  were 
s im u l t a n e o u s l y  c o l l e c t e d  from  th e  same w a te r s  f o r  c o m p ar iso n  w i th  i n ­
f e c t e d  i n d i v i d u a l s .  The a n im a ls  w ere  t r a n s p o r t e d  t o  t h e  l a b o r a t o r y  o v e r  
i c e  and sam pled  im m e d ia te ly .  Sm all s e c t i o n s  o f  t h o r a c i c  s k e l e t a l  m uscle  
t i s s u e  w ere  removed from  i n f e c t e d  b l u e  c r a b s  and p r e s s e d  b e tw ee n  two 
g l a s s  s l i d e s .  T h is  p r e p a r a t i o n  was exam ined m i c r o s c o p i c a l l y  t o  d e te rm in e
t h e  e x t e n t  o f  p a r a s i t e  dev e lo p m en t i n  i n d i v i d u a l  a n im a ls  —  b l u e  c r a b s  
3e x h i b i t i n g  10 p a r a s i t e s / g m  t i s s u e  w ere  c o n s id e r e d  to  be  l i g h t l y  i n -  
3
f e c t e d ;  >10 p a r a s i t e s / g m  t i s s u e  c o n s t i t u t e d  a h eav y  i n f e c t i o n .
Hemolymph A n a ly se s
O s m o la l i ty  and  Io n  A n a ly se s
The membrane a t  t h e  b a s e  o f  t h e  p e r e io p o d  (swimming l e g )  was 
b l o t t e d  d r y  and a  30 0 -4 0 0  y l  sam ple o f  hemolymph w ith d raw n  i n t o  s n a p -  
c ap  m i c r o c e n t r i f u g e  t u b e s  u s i n g  u n h e p a r in i z e d  c a p i l l a r y  t u b e s .  Blood 
sam p les  w ere  c e n t r i f u g e d  im m e d ia te ly  a t  10 ,000  g f o r  4 m in .  to  remove 
any p a r t i c u l a t e  m a t e r i a l .  The o s m o l a l i t y  o f  hemolymph and  s e a w a te r  
sam p les  was d e te rm in e d  w i th  a  WESCOR Vapor P r e s s u r e  Osm ometer. Hemo­
lymph sam p les  w ere d i l u t e d  w i th  d e io n iz e d  w a te r  f o r  i o n  a n a l y s e s .
C h lo r id e  i o n  c o n c e n t r a t i o n s  w ere  d e te r m in e d  w i th  an  Aminco C h lo r id o m e te r .  
Sodium and p o ta s s iu m  l e v e l s  w ere  d e te r m in e d  w i th  a  Coleman Flame 
P h o to m e te r .
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N in h y d r in  P o s i t i v e  S u b s ta n c e s
A d d i t i o n a l  a l i q u o t s  o f  hemolymph w ere  c o l l e c t e d  f o r  n in h y d r in  p o s ­
i t i v e  s u b s t a n c e s  (NPS) d e t e r m i n a t i o n s .  P r o t e i n  was p r e c i p i t a t e d  from  
th e  hemolymph by  d i l u t i n g  e ac h  sam ple  w i t h  5* s u l f o s a l i c y l i c  a c i d  t o  a 
f i n a l  c o n c e n t r a t i o n  o f  10%. F o l lo w in g  c e n t r i f u g a t i o n  (1 0 ,0 0 0  g ;  4 m in ) ,  
t h e  NPS l e v e l  o f  t h e  s u p e r n a t a n t  was d e te r m in e d  c o l o r i m e t r i c a l l y  by th e  
m ethod o f  Rosen (1 9 5 7 ) .  L e u c in e  was u sed  a s  t h e  s t a n d a r d .  F u r th e r m o re ,  
an  amino a c i d  p r o f i l e  o f  t h e  p r o t e i n - f r e e  s u p e r n a t a n t  was d e te rm in e d  w i th  
a  Beckman A u to m a tic  Amino A cid  A n a ly z e r .
G lu co se  A n a ly se s
Hemolymph sam ples  ( 0 . 2  ml HL i n  2 .0  ml d i s t i l l e d  w a te r )  w ere  d e -  
p r o t e i n i z e d  by th e  a d d i t i o n  o f  1 .0  ml 0 .3  N BaOH and 1 .0  ml 5% ZnS0^.7 
H2 O. F o l lo w in g  c e n t r i f u g a t i o n  (1 0 ,0 0 0  g ;  4 m i n ) , t h e  g lu c o s e  c o n c e n t r a ­
t i o n  o f  t h e  p r o t e i n - f r e e  s u p e r n a t a n t  was q u a n t i f i e d  c o l o r i m e t r i c a l l y  by 
th e  g l u c o s e  o x i d a s e - p e r o x i d a s e  method (Raabo and T e r k i l d s o n ,  1960 a s  
m o d i f ie d  by Sigma C hem ica l C o . ,  K i t  No. 5 1 0 ) .
L a c t a t e  A n a ly se s
F o l lo w in g  c o l l e c t i o n ,  0 .2  ml hemolymph sam p les  w ere  im m e d ia te ly  
t r a n s f e r r e d  i n t o  m i c r o c e n t r i f u g e  tu b e s  c o n t a i n i n g  0 .4  ml c o ld  8% 
p e r c h l o r i c  a c i d .  The tu b e s  w ere  a g i t a t e d  and r e t u r n e d  t o  an i c e  b a th  
f o r  5 m in t o  a s s u r e  c o m p le te  p r e c i p i t a t i o n  o f  b lo o d  p r o t e i n s .  The 
m ix tu r e  was s u b s e q u e n t ly  c e n t r i f u g e d  (1 0 ,0 0 0  g ;1 5  m in) and  th e  l a c t a t e  
c o n c e n t r a t i o n  o f  t h e  p r o t e i n —f r e e  s u p e r n a t a n t  was q u a n t i f i e d  e n z y m a t i ­
c a l l y  by  th e  Sigma m ethod f o r  t h e  u l t r a v i o l e t  d e t e r m i n a t i o n  o f  l a c t i c
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a c id  a t  340 run (Sigma Chem ical C o . ,  K i t  No. 826-UV).
S k e l e t a l  M uscle and H ep a to p an c reas  A n a ly se s
P r o t e i n ,  N in h y d r in  P o s i t i v e  S u b s ta n ce s  and C arb o h y d ra te  C o n c e n t ra t io n s
S k e l e t a l  m u sc le  t i s s u e  was removed from  th e  t h o r a c i c  r e g io n  and th e  
p e re io p o d s  ( i n c l u d i n g  th e  c h e l a ,  w a lk in g  l e g s  and p a d d l e s ) .  D is s e c te d  
t i s s u e  was f l a s h  f r o z e n  o v e ry  d ry  i c e ,  l y o p h i l i z e d  to  d ry n e s s  and sub ­
s e q u e n t ly  ground to  a  u n ifo rm  p a r t i c l e  s i z e  i n  a  Thomas-Wiley t i s s u e  
g r i n d e r .  Ground t i s s u e  was s t o r e d  f r o z e n  (-20°C ) i n  one dram g l a s s  
v i a l s  w i th  c o rk  s t o p p e r s  and when needed  was removed from th e  f r e e z e r  
and warmed to  room te m p e ra tu re  i n  a  d e s s i c a t o r  to  p r e v e n t  any p o s s i b l e  
w a te r  a d s o r p t i o n .  P r o t e i n  was e x t r a c t e d  by  r e f l u x i n g  10 mg o f  th e  
ground t i s s u e  i n  1 N NaOH f o r  30 min a t  100°C. The p r o t e i n  c o n te n t  o f  
th e  t i s s u e  e x t r a c t s  was d e te rm in e d  by  th e  method o f  Lowry £t_ a l . ( 1 9 5 1 ) .
Bovine serum  albumen was u sed  a s  th e  r e f e r e n c e  s t a n d a r d .  A d d i t io n a l  
a l i q u o t s  o f  th e  NaOH e x t r a c t s  were a n a ly z e d  f o r  c a r b o h y d ra te  c o n c e n t r a ­
t i o n  (Montgomery, 1957). G lycogen was u sed  a s  th e  s t a n d a r d .  H epato ­
p a n c re a s  sam ples  were p re p a re d  and a n a ly z e d  f o r  t h e i r  p r o t e i n  and c a r ­
b o h y d ra te  l e v e l s  i n  a s i m i l a r  m anner.
F or th e  d e t e r m in a t io n  o f  t i s s u e  n in h y d r in  p o s i t i v e  s u b s ta n c e s  (NPS), 
10 mg o f  ground s k e l e t a l  m uscle  t i s s u e  was in c u b a te d  i n  10% 5 ,  s u l f o s -  
a l i c y l i c  a c id  (48 h r ;  22°C) to  p r e c i p i t a t e  a l l  p r o t e i n s  and a l lo w  f o r  
th e  com ple te  l e a c h in g  o f  f r e e  amino a c id s  from th e  t i s s u e .  Samples were 
s u b s e q u e n t ly  c e n t r i f u g e d  (1 0 ,0 0 0  g ; 15 min) and s u p e r n a t a n t  NPS was de­
te rm in e d  (R osen , 1957). L eu c in e  was u sed  a s  th e  s t a n d a r d .  An amino
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a c id  p r o f i l e  o f  a d d i t i o n a l  q u a n t i t i e s  o f  th e  NFS d i g e s t  was d e te rm in ed  
w i th  a  Beckman A utom atic  Amino Acid A n a ly z e r .
L a c t a t e  C o n c e n t r a t io n s
T h o ra c ic  s k e l e t a l  m uscle  and h e p a to p a n c re a s  t i s s u e s  were removed 
from a n im a l s ,  f l a s h  f r o z e n  o v e r  d ry  i c e  and w e ig h ed . I n d i v i d u a l  sam ples 
were hom ogenized i n  t e n  t im es  t h e i r  w e ig h t  o f  c o ld  8% p e r c h l o r i c  a c i d .  
Homogenates were t r a n s f e r r e d  to  m ic r o c e n t r i f u g e  tu b e s  and r e tu r n e d  to  
an  i c e  b a t h  f o r  5 min to  a l lo w  com ple te  p r e c i p i t a t i o n  o f  t i s s u e  p r o t e i n s .  
Samples were c e n t r i f u g e d  (1 0 ,0 0 0  g ; 5 min) and t h e  l a c t a t e  c o n c e n t r a t i o n  
o f  th e  p r o t e i n - f r e e  s u p e r n a t a n t  was q u a n t i f i e d  e n z y m a t ic a l ly  by th e  Sigma 
method f o r  th e  u l t r a v i o l e t  d e t e r m in a t io n  o f  l a c t i c  a c i d  a t  340 nm (Sigma 
Chem ical C o . ,  K i t  No. 826-UV).
RESULTS
Hemolymph P r o f i l e
C a l l i n e c t e s  s a p id u s  i n f e c t e d  w i th  t h e  m ic r o s p o r id a n  p a r a s i t e  
Arneson m i c h a e l i s  w ere  c o l l e c t e d  fro m  Lake P o n t c h a r t r a i n ,  L o u i s i a n a  
d u r in g  A ugust and S e p te m b e r ,  1978 and 1979. S a l i n i t y  a t  th e  tim e 
o f  c o l l e c t i o n  was 2-6%oS, w a te r  t e m p e r a tu r e  v a r i e d  from  29-34°C  and 
th e  d i s s o l v e d  oxygen c o n t e n t  ra n g e d  b e tw een  5 -7  m g/1 . W ate r  u n d e r  
t h e s e  te m p e r a tu r e  and s a l i n i t y  c o n d i t i o n s  was 70-95% s a t u r a t e d  w i th  
d i s s o l v e d  oxygen .
P a r a s i t e  i n f e c t i o n  p ro d u c e d  m arked  a l t e r a t i o n s  i n  b lu e  c r a b  
hemolymph c o m p o s i t io n .  B lood  o s m o l a l i t y ,  C l”  and Na+ i o n  l e v e l s  
w ere  d e c r e a s e d  w i t h  i n f e c t i o n  w h i l e  K+ io n  and n i n h y d r i n  p o s i t i v e  
s u b s t a n c e s  (NPS) l e v e l s  w ere  e l e v a t e d  (T a b le  2-1  and 2 - 2 ) .  I d e n t i c a l  
t r e n d s  w ere  e x h i b i t e d  by  a n im a ls  c o l l e c t e d  d u r in g  t h e  1978 and 1979 
s e a s o n s .  L i g h t  i n f e c t i o n  g e n e r a l l y  p ro d u c e d  i n s i g n i f i c a n t  changes  
i n  hemolymph o s m o l a l i t y ,  Na+ and  C l-  io n  c o n c e n t r a t i o n s  (P > 0 .0 5 )  
w h i l e  K+ io n  and NPS l e v e l s  w ere  s i g n i f i c a n t l y  a l t e r e d  ( P < 0 .0 5 ) .
B lood K+ v a l u e s  w ere  25% ( 'u l . 5 - 2 . 0  mM/1) h i g h e r  t h a n  c o n t r o l  
c o n c e n t r a t i o n s .  NPS l e v e l s  w ere  n e a r l y  tw ic e  ( o r  a p p r o x im a te ly
3-4  mM/1 h i g h e r  th a n )  t h o s e  o f  n o rm a l a n im a l s .
Heavy p a r a s i t e  i n v a s i o n  was accom pan ied  b y  s i g n i f i c a n t  
a l t e r a t i o n s  i n  a l l  b lo o d  c o n s t i t u e n t s  a s s a y e d  ( P < 0 .0 1 ) .  Hemolymph 
o s m o l a l i t y  d e c r e a s e d  by J0% (*^60-70 mOsm/kg w a t e r )  and C l”  and Na+ 
io n  v a l u e s  e ac h  d e c l i n e d  by  15% ( a p p r o x im a t l e y  50 mM/1) o f  t h e i r  
c o n t r o l  l e v e l s .  K+ io n  c o n c e n t r a t i o n s  r o s e  60% o r  n e a r l y  5 mM/1
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T a b le  2 - 1 .  E f f e c t s  o f  m ic r o s p o r id a n  i n f e c t i o n  on th e
hemolymph c o m p o s i t io n  o f  b lu e  c r a b s .  V a lues  
p r e s e n t e d  a r e  f o r  b lu e  c r a b s  c o l l e c t e d  from  
Lake P o n t c h a r t r a i n ,  L o u i s i a n a  d u r in g  th e  summer 
o f  1978 ( t o p  l i n e  o f  e ac h  e n t r y )  and 1979 
(b o t to m  l i n e  o f  e ac h  e n t r y ) . S a l i n i t y  a t  th e  
t im e  o f  c o l l e c t i o n  was 2-4%oS (1978) and 2-6%oS 
( 1 9 7 9 ) .  A l l  hemolymph v a l u e s  a r e  g iv e n  a s  th e  
mean 95% c o n f id e n c e  i n t e r v a l ;  sam ple  s i z e  i s  
i n d i c a t e d  i n  p a r e n t h e s e s .
Normal I n f e c t e d
L i g h t  Heavy
O s m o la l i ty 6 6 3 .3 + 1 7 .5 (1 0 ) 6 4 1 .3 + 6 .7 ( 1 0 ) 5 9 4 .2 + 1 0 .4 (1 0 )
mOsm/kg H2 O) 6 7 1 .6 + 2 1 . 5( 5) 6 3 9 .5 + 1 0 . 1( 5) 5 9 4 .3 £ 9 . 9 (  5)
Cl " 3 2 7 .7 + 8 .1 ( 1 0 ) 3 1 4 .5 + .13 .6 (10) 2 7 8 .5 + 8 .6 ( 1 0 )
mM/1 3 2 8 .0 + 1 .7 (  5) 3 1 7 .0 + 5 .4 ( 5) 2 7 5 .0 + 1 0 .5 ( 5)
Na+ 3 0 4 .7 + 8 .6 ( 1 0 ) 2 9 0 .5 + 5 .9 ( 1 0 ) 2 5 9 .0 + 1 3 .0 (1 0 )
mM/1 ' 3 0 4 .3 +_ 6 . 8 (  5) 2 9 4 .7 +. 6 .8 ( 5) 2 6 1 .0 + 1 2 .5 ( 5)
K+ 7 .6 + 0 .8 ( 1 0 ) 9 .7 + 0 .4 ( 1 0 ) 12.2 + 1 .5 (1 0 )
mM/1 8 .2 +_ 0 . 5 (  5) 9 .9 + 0 .5 ( 5) 13.3 + l . K  5)
NPS 4 .1 + 0 .8 ( 1 0 ) 8 .3 + 0 .6 ( 1 0 ) 12.4 +. 1 .9 (1 0 )
mM/1 5 .4 *•* 0 . 6 (  5 ) 8 .3 + 1.1 ( 5) 12.6 + 2 .4 (  5)
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T able  2 - 2 .  Comparison o f  hemolymph p r o f i l e  from norm al and 
i n f e c t e d  b lu e  c r a b s .  S ig n i f i c a n c e  r e f e r s  to  
t - t e s t  com parisons betw een v a l u e s .  NS means n o t  
s i g n i f i c a n t  a t  P<0.05 l e v e l .  The f i r s t  l i n e  o f
each  com parison  i s : f o r  1978 d a t a ;  the second
e n t r y i s  f o r  1979 v a l u e s .
• mOsm C l" Na+ K+ TNPS
Normal v s .  L ig h t NS NS NS P<0.05 PcO.Ol
I n f e c t i o n NS PC0.05 NS P<0.05 P<0.05
Normal v s .  Heavy PC0.01 P<0.01 P<0.01 P<0.01 PcO.Ol
I n f e c t i o n P<0.01 P<0.01 P<0.01 P<0.01 PC0.01
L ig h t  v s .  Heavy PcO.Ol PcO.05 P<0.05 NS PC0.05
I n f e c t i o n P<0.01 P<0.01 P<0.05 P<0.05 NS
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above n o rm a l w h i le  NFS v a l u e s  w ere 2 . 5 - 3  t im e s  o r  a p p r o x im a t l e y  
8 mM/1 h i g h e r  th a n  th o s e  o f  c o n t r o l  c r a b s .  A d d i t i o n a l l y ,  h eav y  
i n f e c t i o n  r e s u l t e d  i n  s i g n i f i c a n t l y  g r e a t e r  d i s t u r b a n c e s  i n  a l l  
hemolymph c o n s t i t u e n t s  th a n  more l i g h t  p a r a s i t e  i n v a s i o n s .
I n  c o m p ar iso n  t o  no rm al a n im a l s ,  t h e  amino a c i d  p r o f i l e  o f  
hemolymph c o l l e c t e d  from  i n f e c t e d  b lu e  c r a b s  was s u b s t a n t i a l l y  
a l t e r e d  (T a b le  2 - 3 ) .  N ine  amino a c i d s  and ammonia w ere  d e t e c t e d  
i n  a p p r e c i a b l e  q u a n t i t i e s .  P a r a s i t i c  i n f e c t i o n  r e s u l t e d  i n  g e n e r a l  
e l e v a t i o n  o f  a l l  f r e e  amino a c i d s  e x c e p t  g lu ta m ic  a c i d .  I n f e c t e d  
a n im a ls  e x h i b i t e d  a  tw o -  o r  t h r e e - f o l d  i n c r e a s e  i n  hemolymph 
a s p a r t i c  a c i d  and t h r e o n i n e  l e v e l s  (P < 0 .0 5 )  a s  w e l l  a s  a r g i n i n e ,  
t a u r i n e  and NH^ c o n c e n t r a t i o n s  ( P < 0 .0 1 ) .  More d r a m a t i c  i n c r e a s e s  
w ere  s e e n  i n  b lo o d  a l a n i n e  and p r o l i n e  l e v e l s .  A la n in e  e x h i b i t e d  a 
7 - f o l d  i n c r e a s e  w i th  i n f e c t i o n ,  a  r i s e  o f  M J.400 p m o le s /m l ;  p r o l i n e  
showed an  8 - f o l d  i n c r e a s e ,  a  r i s e  o f  ^ 0 .4 7 0  y m o le s /m l .  C o n v e r s e ly ,  
o n ly  a  m o d e ra te  r i s e  o f  a b o u t  50% ( ^ 0 .4 0 0  y m o le s /m l)  was o b se rv e d  i n  
t h e  g l y c i n e  c o n c e n t r a t i o n .  G lu tam ic  a c i d  d e c r e a s e d  60% (^ 0 .0 8 0  
y m o le s /m l)  and was t h e  o n ly  amino a c i d  t o  d e c l i n e  i n  c o n c e n t r a t i o n  
i n  i n f e c t e d  a n im a l s .
S k e l e t a l  M uscle  P r o f i l e
M ic r o s p o r id a n  i n f e c t i o n  g e n e r a t e d  s i g n i f i c a n t  m o d i f i c a t i o n s  in  
h o s t  m u sc le  p r o t e i n ,  f r e e  amino a c i d  (NPS) and c a r b o h y d r a t e  concen­
t r a t i o n s .  Due t o  t h e  w ide v a r i a t i o n  i n  th e  l e v e l  o f  t h e s e  b io c h e m ic a l  
c o n s t i t u e n t s  among d i f f e r e n t  b lu e  c r a b s ,  d a t a  w ere  a n a ly z e d  on a 
s i n g l e  a n im a l  b a s i s  a s  th e  % d i f f e r e n c e  b e tw een  th e  t h o r a c i c  and
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T ab le  2-3* Amino a c id  p r o f i l e  o f  norm al and in fec - ted  b lu e
c r a b  hemolymph• A l l  amino a c id  v a lu e s  a r e  g iv e n  
a s  th e  mean 95% c o n f id e n c e  i n t e r v a l ;  sample 
s i z e  i s  i n d i c a t e d  in  p a r e n t h e s e s .  S ig n i f i c a n c e  
r e f e r s  to  t - t e s t  com parisons  be tw een  v a l u e s .
NS means n o t  s i g n i f i c a n t  a t  P<0.05 l e v e l .
Normal I n f e c t e d  S ig n i f i c a n c e
fjmoles/ml (n«4 ) (n=6)
ta u 0 .3 8 0 + 0 .160 1.060 + 0 .264 P<0.01
asp 0 .156 + 0 .005 0 .357 + 0 .079 PC0.05
t h r 0 .027 + 0.011 0 .087 i 0.021 P<0.05
s e r 0 .084 + 0 .014 0 .118 + 0.041 NS
g lu 0 .2 0 0 + 0 .013 0 .117 + 0 .022 P<0.01
p ro 0 .0 7 ! + 0 .010 0.544 + 0 .129 P<0.01
giy 0 .767 +_ 0 .108 1.176 + 0 .293 P<0.05
a l a 0 .074 £  0 .008 0 .475 + 0.141 P<0.01
a rg 0 .1 6 2 + 0 .018 0 .518 + 0 .049 P<0.01
nh3 3 .2 3 5 + 0.681 5 .947 + 0 .566 P<0.01
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c h e l i p e d  m uscle  v a lu e  f o r  e ac h  c o n s t i t u e n t .  The r a t i o n a l e  f o r  t h i s  
p r e s e n t a t i o n  was d i c t a t e d  by o u r  knowledge t h a t  th e  t h o r a c i c  r e g io n  
i s  th e  f i r s t  and m ost h e a v i l y  i n f e c t e d  o f  th e  c r a b  s k e l e t a l  m u s c u la tu r e .  
C o n v e rse ly ,  th e  c h e l i p e d  m usc le  a p p e a rs  s e c o n d a r i l y  i n f e c t e d  and th e  
number o f  p a r a s i t e s  p r e s e n t  i n  th e  c law  t i s s u e  i s  o f t e n  m in im al u n t i l  
th e  m ost t e r m in a l  s t a g e s  o f  th e  i n f e c t i o n .  C o n se q u e n t ly ,  a  com parison  
o f  t h o r a c i c  and c h e l i p e d  m uscle  would maximize th e  d e t e c t i o n  o f  
i n f e c t i o n - r e l a t e d  p e r t u r b a t i o n s  i n  b io c h e m ic a l  c o m p o s i t io n .
S k e l e t a l  m uscle  p r o t e i n  v a r i e d  be tw een  600-750 yg/mg d ry  t i s s u e .  
Both l i g h t  and h eavy  i n f e c t i o n  p ro d u ced  marked and s i g n i f i c a n t  
d e c r e a s e s  i n  t h o r a c i c  m uscle  p r o t e i n  (T ab le  2 -4  and 2—5 ) .  L i g h t  
p a r a s i t e  in v a s i o n  r e s u l t e d  i n  a  d e c l i n e  o f  6 .0  + 1.2% i n  t h o r a c i c  
r e l a t i v e  t o  c h e l i p e d  m uscle  p r o t e i n .  Heavy i n f e c t i o n  p ro d u ced  a 
more d ra m a t ic  d e c r e a s e  (1 2 .5  +_ 0.7%) i n  t h o r a c i c  m uscle  p r o t e i n .
Changes in c u r r e d  d u r in g  l i g h t  and h eavy  i n f e c t i o n s  were s i g n i f i c a n t l y  
d i f f e r e n t  from th e  norm al c o n d i t i o n  (P cO .O l) .  A d d i t i o n a l l y ,  l i g h t  
and h eavy  i n f e c t i o n  a l s o  d i f f e r e d  s t a t i s t i c a l l y  (PcO .O l) i n  t h e i r  
e f f e c t  on h o s t  m uscle  p r o t e i n  l e v e l s .
S k e l e t a l  m usc le  f r e e  amino a c id  l e v e l s  ra n g e d  from 0 .8 - 1 .3  
ymoles/mg d ry  t i s s u e .  I n  i n f e c t e d  a n im a l s ,  t h o r a c i c  m uscle  NPS 
c o n c e n t r a t i o n s  were s i g n i f i c a n t l y  e l e v a t e d  w i th  r e s p e c t  t o  c h e l ip e d  
l e v e l s  (T ab le  2 -4  and 2 - 5 ) .  L i g h t  i n f e c t i o n  r e s u l t e d  i n  a  11.5 
3.5% i n c r e a s e  i n  t h o r a c i c  v e r s u s  c h e l i p e d  m usc le  NPS; h eavy  i n f e c t i o n  
p ro d u ced  a  more d ra m a t ic  r i s e  i n  t h o r a c i c  m usc le  f r e e  amino a c id s  
(2 7 .0  + 5 .5% ). I n  com parison  w i th  norm al b lu e  c r a b s ,  p a r a s i t e  
i n v a s i o n  p ro v id e d  s i g n i f i c a n t l y  g r e a t e r  a l t e r a t i o n s  i n  th e  NFS r a t i o
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T ab le  2 - 4 .  E f f e c t  o f  m ic ro s p o r id a n  i n f e c t i o n  on th e  s k e l e t a l  m uscle
c o m p o s i t io n  o f  b lu e  c r a b s .  D a ta  a r e  p r e s e n t e d  as th e  % 
d i f f e r e n c e  i n  p r o t e i n ,  f r e e  amino a c id  (NPS) and 
c a r b o h y d ra te  l e v e l s  o f  th e  t h o r a c i c  v s .  c h e la p e d  s k e l e t a l  
m u sc le .  Arrows i n d i c a t e  w h e th e r  v a lu e s  f o r  t h o r a c i c  
m usc le  were h i g h e r  (+) o r  low er (+.) th a n  th o s e  o f  ch e la p e d  
m u sc le .  A l l  v a lu e s  a r e  g iv e n  as th e  mean +_ th e  95% 
c o n f id e n c e  i n t e r v a l ;  sample s i z e  i s  i n d i c a t e d  i n  p a r e n t h e s e s .
Normal I n f e c t e d
(n=6)




% D i f f e r e n c e  T h o ra c ic  v s .  C helaped M uscle
P r o t e i n + 0 .9 7  + 0 .24 + 5 .9 8  + 1.18 +12.45 + 0 .65
NPS + 2 .6 0  + 0 .9 3 +11.49 + 3 .46 +27.03 + 5 .45
C arb o h y d ra te  + 6 .0 0  + 0 .71 + .4 .6 5  + 1.21 +18.07 + 3 .04
25
T a b le  2-5* Comparison o f  th e  b io c h e m ic a l  c o m p o s i t io n  o f  
s k e l e t a l  m usc le  t i s s u e  i n  norm al and i n f e c t e d  
b lu e  c r a b s .  S i g n i f i c a n c e  r e f e r s  to  t - t e s t  
com parisons  be tw een  v a l u e s .
P r o t e i n  NPS C arb o h y d ra te
Normal v s .  L ig h t  I n f e c t i o n  P<0.01 P<0.05 PcO.Ol
Normal v s .  Heavy I n f e c t i o n  P<0.01 P<0.01 PcO.Ol
L ig h t  v s .  Heavy I n f e c t i o n PC0.01 P<0.05 PcO.Ol
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o f  t h o r a c i c  and c h e l i p e d  m uscle .
An amino a c i d  p r o f i l e  o f  th e  NPS d i g e s t  r e v e a l e d  c o n s id e r a b le  
changes i n  s e v e r a l  o f  th e  s i x t e e n  amino a c i d s  d e t e c t e d  (T ab le  2 - 6 ) .
A d e c r e a s e  i n  i n f e c t e d  t h o r a c i c  m u sc le  a l a n i n e ,  a r g i n i n e ,  g lu tam ic  
a c i d ,  g ly c in e  and p r o l i n e  c o n c e n t r a t i o n s  was o b s e r v e d .  A rg in in e  
l e v e l s  d ropped  more t h a n  65% o r  'tO .220 ymoles/mg d r y  t i s s u e .  T h is  
r e p r e s e n t e d  th e  m ost d ra m a t ic  d e c r e a s e  o f  a l l  th e  amino a c id s  
s u rv e y e d .  A la n in e  and  p r o l i n e  v a l u e s  e x h i b i t e d  more m o d e ra te  d e c l i n e s  
o f  n e a r l y  50% o r  'vO.0 9 0 -0 .1 0 0  ymoles/mg d r y  t i s s u e .  G lu tam ic  a c id  
and g l y c in e  l e v e l s  d i s p l a y e d  s m a l l e r  d e c r e a s e s  o f  a p p ro x im a te ly  30%
( o r  ^ 0 .0 3 0  and 0 .1 5 0  ymoles/mg d r y  t i s s u e ,  r e s p e c t i v e l y )  in  
c o n c e n t r a t i o n .  C o n v e r s e ly ,  i n f e c t e d  m usc le  t a u r i n e  and t y r o s i n e  
v a lu e s  were tw ic e  t h o s e  o f  norm al a n im a l s .  With i n f e c t i o n ,  t a u r i n e  
i n c r e a s e d  from a p p r o x im a t le y  0 .1 0 0  to  0 .2 0 0  ymoles/mg d r y  t i s s u e  w h i le  
t y r o s i n e  l e v e l s  w e n t  from  'bO.011 to  .022 ymoles/mg d r y  t i s s u e .  M uscle 
a s p a r t i c  a c i d ,  h i s t i d i n e ,  i s o l e u c i n e ,  l e u c i n e ,  l y s i n e ,  m e th io n in e ,  
p h e n y la l a n in e ,  s e r i n e  and v a l i n e  c o n c e n t r a t i o n s  re m a in ed  v i r t u a l l y  
unchanged from  t h e i r  c o n t r o l  v a l u e s  ( P > 0 .0 5 ) .  T i s s u e  NH^ l e v e l s  r o s e  
i n s i g n i f i c a n t l y  w i t h  i n f e c t i o n  (P > 0 .0 5 ) .
S k e l e t a l  m u sc le  c a r b o h y d ra te  c o n c e n t r a t i o n s  v a r i e d  from 20-35 
yg/mg d ry  t i s s u e .  B o th  l i g h t  and h eav y  i n f e c t i o n s  p ro d u c e d  s i g n i f i c a n t  
r e d u c t i o n s  i n  t h o r a c i c  r e l a t i v e  t o - c h e l i p e d  m uscle  c a r b o h y d ra te  
l e v e l  (T a b le  2 -4  and  2 - 5 ) .  L ig h t  i n f e c t i o n  r e s u l t e d  i n  a  4 .7  1.2%
d e c l i n e  i n  t h o r a c i c  v e r s u s  c h e l i p e d  m u sc le  c a r b o h y d r a t e ;  heavy  
i n f e c t i o n  was a s s o c i a t e d  w ith  a d d i t i o n a l  d e c r e a s e s  i n  t h o r a c i c  m uscle  
c a r b o h y d ra te  (1 8 .1  + 3 .0% ). A l t e r a t i o n s  i n  m uscle  c a r b o h y d r a t e
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T ab le  2 -6 •  Amino a c id  p r o f i l e  o f  t h o r a c i c  s k e l e t a l  m uscle from
norm al and i n f e c t e d  b lu e  c rabs*  A l l  amino a c id  v a lu e s  
a r e  g iv en  as  th e  mean 95% c o n f id e n c e  i n t e r v a l ;  
sample s i z e  i s  i n d i c a t e d  i n  p a r e n t h e s e s .  S ig n i f ic a n c e  
r e f e r s  to  t - t e s t  com parisons betw een  v a l u e s .  NS means 
n o t  s i g n i f i c a n t  a t  F<0.05 l e v e l .
Normal I n f e c t e d  S ig n i f ic a n c e
ymoles/mg (n=4) (n=6)
tau 0.096 + 0.019 0.193 £ 0 .038 P<0.05
asp 0.029 +_ 0.003 0.029 + 0.003 NS
ser 0.043 + 0.008 0.044 + 0.015 NS
glu 0.095 + 0.011 0.061 + 0 .012 PC0.05
pro 0.189 + 0.027 0.095 + 0.034 P<0.05
gly 0.508 + 0.049 0.352 + 0 .053 P<0.05
ala 0.192 + 0.032 0.106 + 0 .027 P<0.05
val 0.015 +_ 0.001 0.014 _+ 0*. 002 NS
met 0.011 + 0.004 0 .010 + 0.004 NS
ile 0 .009 + 0.004 0 .010 + 0.004 NS
leu 0 .030 + 0 .023 0.016 0 .009 NS
tyr 0.011 + 0.001 0.022 £ 0 .003 P<0.05
phe 0 .008 + 0.001 0.009 + 0 .004 NS
his 0.017 + 0.004 0.015 + 0 .005 NS
lys 0.021 +_ 0 .003 0.021 + 0 .007 NS
arg 0 .319 +_ 0 .037 0.099 + 0 .0 3 0 P<0.01
nh3 0.116 + 0.022 0 .130 + 0 .028 NS
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c o n c e n t r a t io n s  o bserved  d u r in g  p a r a s i t i c  i n f e c t i o n  were s t a t i s t i c a l l y  
d i f f e r e n t  from th e  c o n t r o l  c o n d i t io n  (P cO .O l) .
A d d i t i o n a l l y ,  c a rb o h y d ra te  and p r o t e i n  c o n c e n t r a t io n s  
were ob serv ed  f o r  h e p a to p a n c re a s  t i s s u e  i s o l a t e d  from in f e c t e d  
b lu e  c r a b s .  P a r a s i t i c  i n f e c t i o n  produced  no s i g n i f i c a n t  changes 
i n  h e p a to p a n c re a s  c a rb o h y d ra te  (from  15.9 £  0 .5  to  15.2 0 .9  yg/mg
d ry  t i s s u e ,  P>0.05) o r  p r o t e i n  (from  250 .5  +_ 11.7 to  223 .0  +_ 10.4 
yg/mg d ry  t i s s u e ,  P>0.05) l e v e l s .
L a c ta t e  L ev e ls
M ic ro sp o r id an  i n f e c t i o n  caused  a  marked i n c r e a s e  i n  l a c t i c  a c id  
l e v e l s  o f  hemolymph, s k e l e t a l  m uscle  and h e p a to p a n c re a s  h o s t  t i s s u e s  
(T ab le  2 -7  and 2 - 8 ) .  Hemolymph sam ples e x h i b i t e d  th e  lo w es t  c o n t r o l  
l a c t i c  a c id  l e v e l s .  L ig h t  i n f e c t i o n  a f f e c t e d  a  f o u r - f o l d  in c r e a s e  
( a p p ro x im a t le y  0 .300  mg/ml) i n  c ra b  hemolymph l a c t a t e  c o n c e n t r a t i o n .  
Heavy i n f e c t i o n  produced  a d d i t i o n a l  l a c t a t e  a ccu m u la t io n  to  
0 .722 0 .032 mg/ml. L ig h t  p a r a s i t e  in v a s io n  r e s u l t e d  i n  a  tw o - fo ld
('UJ.250 mg/g) r i s e  in  t h o r a c i c  m uscle l a c t a t e  l e v e l s  w h e rea s ,  heavy 
i n f e c t i o n s  y ie ld e d  a s i x - f o l d  i n c r e a s e  i n  m uscle l a c t a t e  to  
1.237 £  0 .276  m g/g. C o n tro l  l a c t a t e  v a lu e s  were h ig h e r  f o r  the  
h e p a to p a n c re a s  th a n  f o r  e i t h e r  o f  th e  o th e r  norm al t i s s u e s .  A 
s i g n i f i c a n t  65% ( ^  0 .200  mg/g) e l e v a t i o n  o f  h e p a to p a n c re a s  l a c t a t e  
c o n c e n t r a t i o n s  accompanied l i g h t  i n f e c t i o n  w h i le  heavy i n f e c t i o n  
produced  a  4 . 5 - f o l d  i n c r e a s e  i n  norm al l a c t a t e  l e v e l s  to  1.465 £  0 .322  
mg/g.
A d d i t i o n a l l y ,  b lu e  c ra b s  s u b j e c t  to  m ic ro s p o r id a n  in v a s io n
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T ab le  2 - 7 .  L a c t a t e  c o n c e n t r a t i o n  i n  t h e  hemolymph, t h o r a c i c  
s k e l e t a l  m uscle  and h e p a to p a n c re a s  o f  b lu e  c r a b s .  
A l l  v a lu e s  a re  g iv e n  a s  th e  mean th e  95%
c o n f id e n c e  i n t e r v a l ;  sam ple  s i z e  i s  i n d i c a t e d  i n  
p a r e n t h e s e s .
Normal
(n=6)
I n f e c t e d






T h o ra c ic  Muscle
0 .1 1 0  + 0 .0 5 0  0.441 + 0 .0 3 6  0 .7 2 2  + 0 .032
0 .2 2 8  + 0.051 0 .5 4 8  + 0 .022  1.237 + 0 .276
mg/g
H ep a to p an c rea s
mg/g
0 .3 1 4  + 0 .069  0 .512  + 0 .0 6 2  1.465 + 0 .322
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Table  2 - 8 .  Comparison o f  l a c t a t e  c o n c e n t r a t io n s  i n  norm al 
and i n f e c t e d  b lu e  c r a b s .  S ig n i f i c a n c e  r e f e r s  
to  t - t e s t  com parisons betw een v a l u e s .
Hemolymph T h o rac ic  Muscle H epatopancreas
Normal v s .  L ig h t  P<0.0! P<0.01 P<0.05
I n f e c t i o n
Normal v s .  Heavy P<0.01 P<0.01 PcO.Ol
I n f e c t i o n
L ig h t  v s .  Heavy PcO.Ol PcO.05 PcO.Ol
I n f e c t i o n
ev id en ced  hypoglycem ia i n  th e  t e r m in a l  s t a g e s  o f  th e  i n f e c t i o n .  
Hemolymph g lu co se  l e v e l s  d e c l in e d  from a c o n t r o l  v a lu e  o f  66 .3  4^  2 .8  
mg/100 ml to  51.1 +_ 3 .5  mg/100 m l. The d a t a  r e p r e s e n t  a  s i g n i f i c a n t  
d i f f e r e n c e  (PcO.Ol) betw een  normal and i n f e c t e d  a n im a ls .
DISCUSSION
D e s p i te  th e  c o n s id e r a b le  amount o f  l i t e r a t u r e  w hich e x i s t s  
p e r t a i n i n g  t o  th e  M ic r o s p o r id a ,  l i m i t e d  in f o r m a t io n  i s  a v a i l a b l e  
c o n c e rn in g  th e  p h y s i o l o g i c a l  chan g es  i n c u r r e d  by  h o s t  a n im a ls  a s  a 
r e s u l t  o f  m ic r o s p o r id a n  i n f e c t i o n .  I t  i s  r e a s o n a b le  to  assume t h a t  
d u r in g  i n f e c t i o n ,  th e  h o s t  c e l l  env iro n m en t i n f l u e n c e s  th e  m e ta b o l ic  
a c t i v i t i e s  o f  an  i n t r a c e l l u l a r  p a r a s i t e .  I n  t h e  p r e s e n t  s tu d y ,  we have 
shown t h a t  th e  i n t e r a c t i o n s  o f  th e  m ic ro s p o r id a n  p a r a s i t e  Ameson 
m ic h a e l i s  w i th  i t s  b lu e  c ra b  h o s t ,  C a l l i n e c t e s  s a p i d u s , have  t h e i r  
c o u n t e r p a r t  i n  s o m a t ic  ( l a r g e l y  t h o r a c i c  s k e l e t a l  m uscle  t i s s u e )  
a l t e r a t i o n s  w hich  a r e  u l t i m a t e l y  r e f l e c t e d  i n  b io c h e m ic a l  changes  in  
th e  h o s t  b lo o d .
The e s t u a r i n e  en v iro n m en t o f  th e  b lu e  c ra b  i s  s u b j e c t  t o  r a p i d  
f l u c t u a t i o n s  i n  o s m o t ic  and i o n i c  c o m p o s i t io n  ( s e e  S t i c k l e  and Howey, 
1975). C a l l i n e c t e s  s a p id u s  h a s  b e en  shown to  e x h i b i t  c o n s id e r a b l e  
c a p a c i t y  f o r  o s m o t ic  and i o n i c  r e g u l a t i o n  o v e r  w id e ly  f l u c t u a t i n g  
s a l i n i t y  reg im es  ( F in d l e y  and S t i c k l e ,  1978). The c a p a c i t y  f o r  w a te r  
and s a l t  r e g u l a t i o n  v a r i e s  w i th  a  number o f  exogenous and endogenous 
f a c t o r s  and among th e  l a t t e r  we may in c lu d e  p a r a s i t i s m .  We have 
o b se rv ed  t h a t  low s a l i n i t y ,  h ig h  te m p e ra tu re  and red u ced  oxygen c o n te n t  
a p p e a r  to  be an o p t im a l  c o m b in a t io n  f o r  th e  e s t a b l i s h m e n t  o f  Ameson 
m ic h a e l i s  i n  th e  b l u e  c r a b .  The same c o m b in a t io n  o f  f a c t o r s  a l s o  seems 
t o  be p a r t i c u l a r l y  s t r e s s f u l  f o r  t h e  r e g u l a t o r y  a b i l i t i e s  o f  c ra b s  ( s e e  
K in n e ,  1971).
The hemolymph c o m p o s i t io n  o f  c o n t r o l  b lu e  c r a b s  u sed  i n  t h i s
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s tu d y  i s  c o n s i s t e n t  w i th  t h a t  p r e v i o u s l y  d e s c r ib e d  f o r  c r a b s  m a in ta in e d  
a t  e x t r e m e ly  low  s a l i n i t i e s  (Mangum and Amende, 1972; Cameron, 1978). As 
a  consequence  o f  p a r a s i t i c  i n f e c t i o n ,  s i g n i f i c a n t  a l t e r a t i o n s  a r e  ob­
s e r v e d  i n  hemolymph o sm o tic  and i o n i c  c o m p o s i t io n .  Blood o s m o l a l i t y ,
C l”  and Na+ i o n  c o n c e n t r a t i o n s  d e c r e a s e  w i th  i n f e c t i o n ,  w h i le  K+ io n  and 
f r e e  amino a c id  (NPS) l e v e l s  a r e  e l e v a t e d .  The o b se rv e d  changes may be 
p a r t i a l l y  a t t r i b u t e d  to  th e  r e l e a s e  o f  io n s  and f r e e  amino a c id s  a s  a  
r e s u l t  o f  h o s t  c e l l  l y s i s .  However, th e  d ro p  i n  b lo o d  o s m o la l i t y  d u r in g  
h eavy  i n f e c t i o n  c a n n o t  be acco u n te d  f o r  by  c e l l  l y s i s  b ecau se  th e  
e x t r a c e l l u l a r  and i n t r a c e l l u l a r  f l u i d  com partm ents  a r e  i s o s m o t i c .  I t  
i s  s i g n i f i c a n t  to  n o t e ,  how ever , t h a t  s t a t i s t i c a l  a l t e r a t i o n s  i n  a l l  o f  
t h e  b lo o d  c o n s t i t u e n t s  su rv e y ed  a r e  s ee n  o n ly  d u r in g  heavy  m ic ro s p o r id a n  
i n f e c t i o n .  S ev e re  p a r a s i t e  i n v a s i o n  r e s u l t s  i n  th e  p r o d u c t io n  o f  l a r g e  
numbers o f  m a tu re  s p o re s  and th e  c o n c o m ita n t  d i s r u p t i o n  o f  h o s t  s k e l e t a l  
m uscle  t i s s u e  (W eidner ,  1970). Anim als s u p p o r t in g  more m odera te  m uscle  
i n f e c t i o n s  ( p r o p o r t i o n a l l y  l a r g e r  number o f  young s p o r o b l a s t  s t a g e s  
p r e s e n t )  do n o t  e v id e n c e  a l t e r e d  hemolymph p r o f i l e s .  P resum ably  d u r in g  
l i g h t  i n f e c t i o n ,  b lu e  c r a b s  a r e  s u f f i c i e n t l y  com peten t to  m eet th e  
c h a l l e n g e  o f  i n i t i a l  c e l l  l y s i s .  However, t h e i r  r e g u l a t o r y  a b i l i t i e s  
may become in a d e q u a te  to  accom odate th e  m ass iv e  q u a n t i t i e s  o f  h o s t  
c e l l  damage accom panying th e  t e r m i n a l  i n f e c t i o n .
S i g n i f i c a n t  a l t e r a t i o n s  i n  h o s t  b lo o d  c o m p o s i t io n  have been  
o b se rv e d  i n  s e v e r a l  p ro to z o a n  i n f e c t i o n s .  B lood K+ c o n c e n t r a t i o n s  axe 
e l e v a t e d  i n  many m a l a r i a  (Zwemer e t  a l . ,  1940; V e l ic k  and S c u d d e r ,1 9 4 0 ; 
McKee e t  a l . ,  1946; Overman e t  a l . ,  1950; Sherman and T a n ig o s h i ,  1971)
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and i n  th e  l a t e r  s t a g e s  o f  t ry p a n o s o m ia s i s  (Zwemer and C u lb e r t s o n ,  1939; 
I k e i j i a n i i ,  1 9 4 6 a ,b ) .  T here  a r e  l i k e l y  a  number o f  f a c t o r s  c o n t r i b u t i n g  
t o  th e  i n c r e a s e d  p o ta s s iu m  l e v e l s  (von  B rand , 1973). W hile a  l a r g e  
f r a c t i o n  i s  u n d o u b te d ly  d e r iv e d  from  h o s t  c e l l  l y s i s , i t  seems t h a t  i n  
m a l a r i a  a t  l e a s t ,  changes in  membrane p e r m e a b i l i t y  o f  f r a g i l e  i n f e c t e d  
e r y t h r o c y t e s  a s  w e l l  a s  n o n p a r a s i t i z e d  h o s t  b lo o d  c e l l s  prom ote 
p o ta s s iu m  le a k a g e  i n t o  th e  p lasm a (Overman e t  a l . , 1949). I n  th e  p a s t ,  
i t  had  b een  p o s t u l a t e d  t h a t  b lo o d  p o ta s s iu m  a c c u m u la t io n ,  i n  a d d i t i o n  
to  o t h e r  io n  im b a la n c e s ,  m igh t l e a d  to  f a t a l  m e ta b o l i c  d i s t u r b a n c e s  i n  
m a l a r i a  (Overman e t  a l . , 1949) and t ry p a n o s o m ia s i s  (Zwemer and . 
C u lb e r t s o n ,  1939). However, t h i s  i s  p r e s e n t l y  th o u g h t  n o t  to  be th e  
c a s e  s i n c e  K+ io n  a cc u m u la t io n  i s  w e l l  be low  t h e  t o x i c  l e v e l  ( s e e  
M a e g ra i th ,  1949). A d d i t i o n a l l y ,  t h i s  a l s o  a p p e a r s  to  be t r u e  f o r  b lu e  
c r a b s  s u b j e c t  t o  s e v e r e  m ic ro s p o r id a n  i n f e c t i o n  s i n c e  e l e v a t e d  K io n  
c o n c e n t r a t i o n s  rem a in  w i t h i n  th e  ra n g e  o f  v a l u e s  t y p i c a l l y  d e t e c t e d  i n  
t h e s e  an im a ls  a t  h i g h e r  ('V3Q %oS) e n v i ro n m e n ta l  s a l i n i t i e s  ( F in d le y  and 
S t i c k l e ,  1978).
The sodium  l e v e l  o f  b lo o d  p lasm a i s  som etim es , b u t  n o t  a lw ay s ,  
lo w ered  i n  p ro to z o n a  i n f e c t i o n  (Overman e t  a l . ,  1949; Sadun e t  a l . ,
1965; Sherman and T a n ig o s h i ,  1971). On th e  o t h e r  h a n d ,  p la sm a  c h l o r i d e  
l e v e l s  t y p i c a l l y  re m a in  unchanged i n  m a l a r i a  (Sadun ett a l . , 1965) and 
t r y p a n o s o m ia s is  (Moon e £  a l . , 1968).
M ic ro sp o r id a n  i n f e c t i o n  i n  t h e  b lu e  c ra b  r e s u l t s  i n  a  s u b s t a n t i a l l y  
a l t e r e d  hemolymph f r e e  amino a c i d  p r o f i l e .  I n  c r u s t a c e a n s ,  g l y c i n e ,  
a l a n i n e ,  g lu ta m ic  a c i d ,  p r o l in %  s e r i n e ,  o r n i t h i n e  and t a u r i n e  t y p i c a l l y
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c o m p rise  70-90% o f  th e  b lo o d  f r e e  amino a c i d  p o o l ,  w i th  th e  r e l a t i v e  
c o n c e n t r a t i o n s  o f  th e  d i f f e r e n t  amino a c id a  v a r y in g  c h a r a c t e r i s t i c a l l y  
among s p e c ie s  (Catnien e t  a l . ,  1951; S te v e n s  e t  a l . , 1961; V in c e n t -  
M arique  and G i l l e s ,  1970; Lynch and Webb, 1973a) .  I n  s a l i n i t i e s  o f  
1 6 .5 -2 1 .0  %oS, g l y c i n e ,  t a u r i n e ,  a l a n i n e ,  p r o l i n e  and a r g i n i n e  
c o n s t i t u t e  72-90% o f  th e  t o t a l  f r e e  amino a c id s  i n  th e  serum  o f  m ature  
C a l l i n e c t e s  s a p id u s  (Lynch and Webb, 1973a) .  At e x t r e m e ly  low 
s a l i n i t i e s  (2 -4  %oS), o n ly  n in e  amino a c i d s  and ammonia a r e  d e te c te d  
i n  a p p r e c i a b l e  q u a n t i t i e s  and th e  r e l a t i v e  c o n c e n t r a t i o n s  o f  p r o l i n e  
and a l a n i n e  a p p e a r  to  be r e d u c e d  w h i le  th e  l e v e l s  o f  g lu ta m ic  and 
a s p a r t i c  a c id s  a r e  p r o p o r t i o n a l l y  i n c r e a s e d .
I n  th e  b lu e  c r a b ,  m ic ro s p o r id a n  i n f e c t i o n  c o n t r i b u t e s  t o  a  
g e n e r a l  e l e v a t i o n  o f  a l l  b lo o d  f r e e  amino a c i d s  e x c e p t  g lu ta m ic  a c i d .  
I t  seems r e a s o n a b le  t o  assume t h a t  th e  o b s e rv e d  in c r e a s e s  i n  amino a c id
l e v e l s  a r e  p r i n c i p a l l y  d e r iv e d  from  h o s t  m u sc le  p r o t e o l y s i s .  However,
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p a r a s i t e  in v a s i o n  may prom ote  m o d i f i c a t i o n s  i n  th e  p e r m e a b i l i t y  o f  
m usc le  c e l l  membranes. As a  r e s u l t ,  i n t r a c e l l u l a r  amino a c i d s  m ight 
l e a k  to  th e  e x t r a c e l l u l a r  s p a c e s .  Such a  m echanism i s  know to  be 
o p e r a t i v e  i n  o sm o tic  and volume r e g u l a t i o n  i n  e u r y h a l in e  a n im a ls  ( s e e  
F u g e l l i ,  1967; G i l l e s  and S c h o f f e n i e l s , 1969; V in c en t-M a r iq u e  and 
G i l l e s ,  1970).
The a c c u m u la t io n  o f  amino a c id s  i n  th e  body f l u i d s  o f  i n f e c t e d  
a n im a ls  may i n d i c a t e  t h a t  th e  c a p a c i t y  f o r  h y d r o l y s i s  o f  h o s t  c e l l  
p r o t e i n  i s  g r e a t e r  th a n  t h a t  f o r  i n c o r p o r a t i o n  o f  th e  r e s u l t a n t  amino 
a c i d s  i n t o  p a r a s i t e  p r o t e i n  ( s e e  M oulder , 1962). T h e r e f o r e ,  th e
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o b se rv ed  d e c l i n e  i n  g lu ta m ic  a c i d  from th e  hemolymph o f  i n f e c t e d  b lu e  
c r a b s  may i n d i c a t e  i t s  s i g n i f i c a n t  u p ta k e  by  d e v e lo p in g  p a r a s i t e s .  
S i m i l a r l y ,  th o s e  amino a c i d s  w hich  d i s p l a y  o n ly  m o d era te  i n c r e a s e s  i n  
c o n c e n t r a t i o n  i s  p a r a s i t i z e d  an im a ls  ( i . e . ,  g l y c i n e ,  a s p a r t i c  a c id  
and s e r i n e )  may a l s o  be h e a v i l y  u t i l i z e d .  I n  f a c t ,  an  a c i d  h y d r o ly s a te  
o f  Ameson m i c h a e l i s  s p o re s  i n d i c a t e s  th e  p re s e n c e  o f  l a r g e  q u a n t i t i e s  
o f  g lu ta m ic  a c i d ,  g l y c i n e ,  a s p a r t i c  a c id  and s e r i n e ,  i n  a d d i t i o n  to  
s i g n i f i c a n t  am ounts o f  t y r o s i n e  (W eidner ,  u n p u b l i s h e d  d a t a ) .
C om parative  d a t a  on p a r a s i t e - i n d u c e d  a l t e r a t i o n s  i n  th e  plasm a 
amino a c id  l e v e l s  o f  h o s t  a n im a ls  a r e  l i m i t e d .  The hemolymph amino 
a c i d  p r o f i l e  o f  Trypanosoma r a n g e l i - i n f e c t e d  r e d u v i id  bugs d i s p l a y s  a  
g e n e r a l  r i s e  i n  amino a c id  c o n c e n t r a t i o n s ;  how ever, c e r t a i n  amino a c id s  
d e c l i n e  i n  c o n c e n t r a t i o n  (O rm erod, 1967). Sherman and Mudd (1966) 
found no d i s t i n c t  changes  i n  th e  p lasm a f r e e  amino a c i d s  o f  ducks 
p a r a s i t i z e d  by Plasmodium l o p h u r a e , w hereas  S id d iq u i  and T ra g e r  (1967) 
o b se rv ed  r a t h e r  p ronounced  in c r e a s e s  i n  s e v e r a l  amino a c i d s .
In f o rm a t io n  c o n c e rn in g  h o s t  b lo o d  amino a c i d s  d u r in g  m i c r o s p o r i d i o s i s  
i s  l i m i t e d  to  a s i n g l e  s tu d y  o f  Wosema a p i s - i n f e c t e d  honey  b ees  (Wang 
and M o e l l e r ,  1 9 7 0 ) .  P a r a s i t i z e d  b ees  d i s p l a y  s m a l l e r  amounts o f  
hemolymph amino a c id s  th a n  t h e i r  n o n - i n f e c t e d  c o u n t e r p a r t s .  Wang and 
M o e lle r  (1970) s u g g e s te d  t h a t  th e  d e c r e a s e  i n  p lasm a amino a c id s  
r e f l e c t s  th e  p a r a s i t e ' s  u t i l i z a t i o n  o f  th e  h o s t  b lo o d  f r e e  amino a c id  
p o o l .  At f i r s t  g l a n c e ,  o u r  d a t a ,  d e s c r i b i n g  in c r e a s e d  l e v e l s  o f  
p lasm a  f r e e  amino a c i d s ,  a p p e a r  t o  be i n c o n s i s t e n t  w i th  th o s e  o f  Wang 
and M o e lle r  w hich  d e t a i l  t h e  o p p o s i t e  t r e n d .  However, t h i s
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d i s c r e p a n c y  i s  l i k e l y  a t t r i b u t a b l e  to  th e  u se  o f  a n im a ls  s u p p o r t in g  
d i f f e r e n t  s t a g e s  o f  m ic ro s p o r id a n  i n f e c t i o n .  F iv e  to  t e n  day o ld  
i n f e c t e d  honey b e e s  c o n ta i n  p r o p o r t i o n a l l y  l a r g e r  numbers o f  
y o u n g e r ,  more m e t a b o l i c a l l y  a c t i v e  v e g e t a t i v e  and e a r l y  sp o ro g e n ic  
s t a g e s  th a n  do b lu e  c r a b s  s u s t a i n i n g  te r m in a l  i n f e c t i o n s ,  r e p r e s e n te d  
by th e  abundance o f  m a tu re  s p o r e s .  A d d i t i o n a l l y ,  hones  b e e s ,  as 
i n s e c t s ,  p o s s e s s  a s i g n i f i c a n t l y  l a r g e r  n a t u r e a l l y  o c c u r r in g  hemolymph 
f r e e  amino a c id  p o o l  (^28-65  mM/1), and c o n s e q u e n t ly  a  more s u b s t a n t i a l  
amino a c id  so u rc e  f o r  d e v e lo p in g  p a r a s i t e s ,  th a n  do b lu e  c ra b s  w hich 
a r e  c h a r a c t e r i z e d  by low hemolymph f r e e  amino a c id  l e v e l s  (^4 -5  mM/1 
a t  2-4 %oS).
M ic ro sp o r id a n  developm ent w i t h i n  th e  m y o f i b r i l s  o f  b lu e  c ra b  
s k e l e t a l  m uscle  p r o g r e s s e s  r a p i d l y  and i s  accompanied by th e  g e n e r a l  
d i s o r d e r ,  d is a s s e m b ly  and f i n a l  d is a p p e a ra n c e  o f  th e  component 
m y o fi lam en ts  (W eidner ,  1970). D uring  th e  te r m in a l  s t a g e s  o f  th e  
i n f e c t i o n ,  h o s t  m uscle  t i s s u e  i s  l a r g e l y  r e p la c e d  by m atu re  s p o r e s .
The i n i t i a l  s i t e  o f  p a r a s i t e  i n v a s io n  i n t o  s k e l e t a l  m uscle  i s  i n  
th e  t h o r a c i c  r e g i o n ,  i n  c l o s e  p r o x im i ty  to  th e  c ra b  m idgu t which 
s u p p o r t s  e a r l y  v e g e t a t i v e  d e v e lo p m en t.  As s p o ro g e n e s i s  p r o c e e d s ,  
o t h e r  s k e l e t a l  m uscle  m asses ( i . e . ,  th o s e  o f  th e  c h e l i p e d  and o t h e r  
p e re io p o d s )  a r e  s u b s e q u e n t ly  i n f e c t e d .  The e f f e c t s  o f  Ameson 
m ic h a e l i s  s p o ro g e n e s i s  on h o s t  t i s s u e  i s  o b serv ed  by  com paring  th e  
b io c h e m ic a l  c o m p o s i t io n  o f  t h o r a c i c  and c h e l ip e d  s k e l e t a l  m u s c u la tu r e .  
Reduced l e v e l s  o f  p r o t e i n  and c a r b o h y d ra te  r e s e r v e s  a r e  d e t e c t e d  i n  
t h o r a c i c  r e l a t i v e  to  c h e l i p e d  s k e l e t a l  m uscle  w h i le  th e  o p p o s i t e  
t r e n d  i s  o b se rv ed  f o r  t i s s u e  f r e e  amino a c id  (NPS) c o n c e n t r a t i o n s .
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S i g n i f i c a n t  d e c r e a s e s  i n  t i s s u e  p r o t e i n  and th e  c o n co m itan t  i n c r e a s e s  
i n  f r e e  amino a c id  l e v e l s  may be a t t r i b u t e d  to  th e  s u b s t a n t i a l  m uscle  
p r o t e o l y s i s  accom panying t e r m in a l  p a r a s i t e  d e v e lo p m en t.  A d d i t i o n a l l y ,  
th e  m o d i f i c a t i o n  o f  m uscle  membrane p e r m e a b i l i t y  may c o n t r i b u t e  to  
changes  i n  th e  r e l a t i v e  abundance o f  m u sc le ,  and c o n s e q u e n t ly  
hemolymph, f r e e  amino a c id s  ( s e e  S c h o f f e n i e l s , 1976). R ed u c tio n s  
i n  m usc le  c a r b o h y d ra te  r e s e r v e s  ( i . e . ,  g ly co g en )  may be a s c r ib e d  to
e i t h e r  th e  i n c r e a s e d  m e ta b o l ic  demands o f  th e  h o s t  m uscle  a n d /o r
th e  d e v e lo p in g  p a r a s i t e s .
The f r e e  amino a c id  p o o l  o f  m uscle  t i s s u e  from  C a l l i n e c t e s  
s a p id u s  m a in ta in e d  i n  low s a l i n i t y  w a te r  (2 -4  %oS) i s  e x tre m e ly  
s m a l l  r e l a t i v e  to  t h a t  o b se rv ed  a t  h ig h e r  s a l i n i t i e s  ( i . e . ,  'U O.S-l.S  
ymoles/mg d ry  t i s s u e  a t  2 -4  %oS v e r s u s  0-28 ym oles /100  mg w et w e ig h t
a t  50% SW v e r s u s  *>42 y m o les /1 0 0  mg w et w e ig h t  a t  100% SW,
S c h o f f e n i e l s ,  1976). B lue c r a b s  t r a n s f e r r e d  from f u l l - s t r e n g t h  to  
50% s e a  w a te r  d i s p l a y  s i g n i f i c n a t  d e c r e a s e s  i n  v i r t u a l l y  a l l  m uscle  
f r e e  amino a c id s  ( S c h o f f e n i e l s ,  1976). At even  low er s a l i n i t i e s ,  
f u r t h e r  r e d u c t io n s  a r e  s ee n  i n  th e  f r e e  amino a c id  po o l and in  
p a r t i c u l a r ,  i n  a l a n i n e ,  g l y c i n e ,  p r o l i n e  and t a u r i n e  c o n c e n t r a t i o n s .  
Com parison o f  f r e e  amino a c id  p r o f i l e s  o f  c o n t r o l  and p a r a s i t i z e d  
t h o r a c i c  s k e l e t a l  m uscle  i n d i c a t e s  t h a t  th e  c o n c e n t r a t i o n s  o f  n in e  
o f  th e  s i x t e e n  amino a c i d s  d e t e c t e d  a r e  n o t  s i g n i f i c a n t l y  a l t e r e d  
w i th  i n f e c t i o n .  G lu tam ic  a c i d ,  p r o l i n e ,  g l y c i n e ,  a l a n i n e  and 
a r g i n i n e  l e v e l s  d e c l i n e  w i th  m ic ro s p o r id a n  i n f e c t i o n ,  w h i le  t a u r i n e  
and t y r o s i n e  v a lu e s  a r e  e l e v a t e d .  M o d i f i c a t io n s  i n  i n f e c t e d  m uscle
f r e e  amino a c i d  l e v e l s  a r e ,  w i th  th e  e x c e p t io n  o f  t y r o s i n e ,  r e f l e c t e d  
i n  s i g n i f i c a n t  changes  i n  t h e i r  plasm a c o n c e n t r a t i o n .  T y ro s in e  p r e s e n t s  
an i n t e r e s t i n g  s i t u a t i o n  s in c e  i t  i s  v i r t u a l l y  a b s e n t  from th e  
hemolymph o f  low s a l i n i t y  an im a ls  and i s  found i n  s u b s t a n t i a l  amounts 
i n  th e  a c id  h y d r o ly s a t e  o f  A. m ic h a e l i s  s p o re s  (W eidner ,  u n p u b l ish e d  
d a t a ) .  The p o s s i b i l i t y  e x i s t s  t h a t  th e  u p ta k e  o f  t y r o s i n e  by d e v e lo p in g  
p a r a s i t e s  from th e  m uscle  f r e e  amino a c id  p o o l  i s  so e f f i c i e n t  t h a t  t h i s  
amino a c id  n e v e r  a c c u m u la te s  i n  m e a su re a b le  q u a n t i t i e s  i n  th e  c ra b  
b lo o d .
P a r a s i t i c  i n f e c t i o n  may r e s u l t  i n  th e  d e p r i v a t i o n  o f  oxygen to  
h o s t  t i s s u e s  ( s e e  von B rand , 1973). Oxygen i n s u f f i c i e n c y  may r e s u l t  
from  th e  in c r e a s e d  m e ta b o l ic  demands o f  h o s t  t i s s u e s  a n d /o r  
d e v e lo p in g  p a r a s i t e s  o r  an  im p a ired  oxygen d e l i v e r y  sy s tem . Under 
t h e s e  c o n d i t i o n s ,  a n a e ro b ic  m e ta b o lism  becomes i n c r e a s i n g l y  im p o r ta n t  
a s  a  means o f  en e rg y  p r o d u c t io n  (B u rk e ,  1979). I n  c r u s t a c e a n s ,  
g l y c o l y s i s  a p p e a rs  to  be th e  m ajor f u n c t i o n a l  a n a e r o b ic  pa thw ay .
D uring  h y p o x ia ,  s i g n i f i c a n t  q u a n t i t i e s  o f  p y r u v a te  a r e  c o n v e r te d  to  
l a c t i c  a c id  i n  c r u s t a c e a n  s k e l e t a l  m uscle  (T e a l  and C arey , 1967; 
D end inger and S c h a t z l e i n ,  1973; P h i l l i p s  e t  a l . ,  1977; B u rk e ,  1979). 
N o n - p a r a s i t i z e d  C a l l i n e c t e s  s a p id u s  e x h i b i t  c o n t r o l  l e v e l s  o f  
hemolymph and t h o r a c i c  m usc le  l a c t i c  a c i d  c o n c e n t r a t i o n  w hich a re  
q u i t e  s i m i l a r  to  th o s e  r e p o r t e d  f o r  o t h e r  c r u s t a c e a n  s p e c ie s  
(D end inger  and S c h a t z l e i n ,  1973; B u rk e ,  1979). However, b lu e  c ra b  
h e p a to p a n c re a s  v a lu e s  a r e  s i g n i f i c a n t l y  h i g h e r  th a n  (a p p ro x im a te ly  
t e n  t im e s )  th o s e  o b se rv e d  f o r  o t h e r  c r a b s  (D en d in g e r  and S c h a t z l e i n ,
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1973). E le v a te d  l a c t i c  a c i d  c o n c e n t r a t i o n s  may be  a  r e f l e c t i o n  o f  
a n im a ls  c o l l e c t e d  from  a  s t r e s s e d  en v ironm en t (w a te r  o f  low s a l i n i t y ,  
h ig h  te m p e ra tu re  and poor oxygen c o n te n t )  o r  may be  an a r t i f a c t  o f  
h a n d l in g  (D end inger and S c h a t z l e i n ,  1973).
M ic ro sp o r id a n  i n f e c t i o n  p ro d u ces  s i g n i f i c a n t  l a c t i c  a c id  
a cc u m u la t io n  i n  th e  hemolymph, t h o r a c i c  m uscle  and h e p a to p a n c re a s  o f  
p a r a s i t i z e d  b lu e  c r a b s .  L a c t a t e  c o n c e n t r a t i o n s  r e a c h  s i x - s e v e n  tim es 
t h e i r  norm al l e v e l s  i n  hemolymph and m u sc le ,  and f o u r  t im e s  t h e  c o n t r o l  
v a lu e  i n  th e  h e p a to p a n c r e a s .  S in ce  th e  amount o f  l a c t a t e  i s  always 
h i g h e r  i n  th e  t h o r a c i c  m uscle  th a n  i n  th e  hemolymph, i t  i s  r e a s o n a b le  
to  assume t h a t  th e  m uscle  i s  th e  u l t i m a t e  so u rc e  o f  l a c t a t e  p r o d u c t io n  
( P h i l l i p s  e t  a l » ,  1977). The h e p a to p a n c re a s  h a s  b e en  r e p o r t e d  to  
p o s s e s s  b o th  red u ced  a c t i v i t y  o f  g l y c o l y t i c  enzymes and an i n s i g n i f i c a n t  
l e v e l  o f  i n  v i t r o  l a c t a t e  p r o d u c t io n  (D end inger and S c h a t z l e i n ,  1973; 
S c h a t z l e i n  a t  a l . , 1973). T h e r e f o r e ,  i t  i s  l i k e l y  t h a t  i n c r e a s e s  in  
h e p a to p a n c re a s  l a c t a t e  l e v e l s  r e p r e s e n t  th e  c l e a r a n c e  o f  t h i s  m uscle 
m e t a b o l i t e  from th e  hemolymph. The r o l e  o f  th e  h e p a to p a n c re a s  in  the  
m e ta b o l ism  o f  l a c t i c  a c id  rem a in s  u n c l e a r .  L a c t i c  a c id  d ehydrogenase  
(LDH) and o t h e r  enzymes a s s o c i a t e d  w i th  g lu c o n e o g e n e s is  from  l a c t a t e  
have b een  r e p o r t e d  e i t h e r  to  be p r e s e n t  i n  v a r y in g  l e v e l s  o f  a c t i v i t y  
o r  to  be v i r t u a l l y  a b s e n t  from th e  h e p a to p a n c re a s  ( s e e  S c h a t z l e i n
al.,  1973; Phillips et al., 1977). However, the absence of enzymatic 
activity from hepatopancreas homogenates may be the result of its 
inactivation by proteolytic enzymes released during Bample preparation 
(van Weel, 1970; Schatzlein, et al., 1973).
Plasm a g lu c o se  c o n c e n t r a t i o n s  a r e  e x t re m e ly  v a r i a b l e  i n  f r e s h l y  
c o l l e c t e d  C a l l i n e c t e s  s a p i d u s . C o n t ro l  an im a l b lo o d  g lu c o s e  v a lu e s  
were a t  th e  h ig h  end o f  th e  norm al ra n g e  r e p o r t e d  f o r  b l u e  c ra b s  
ta k e n  d i r e c t l y  from th e  n a t u r a l  en v iro n m en t (Dean and V erriberg ,
1965a; Lynch and Webb, 1973b). E le v a te d  g lu c o se  c o n c e n t r a t i o n s  may 
be a t t r i b u t e d  to  h a n d l in g  s t r e s s  ( T e l f o r d ,  1 9 6 8 a ,b ) ,  a s p h y x ia  
( r e s u l t i n g  from h o ld in g  an im a ls  o u t  o f  w a te r )  (K le in h o lz  e t  a l . ,
1950'; Lynch and Webb, 1973b) and h ig h  te m p e ra tu re s  (Dean and V ern b erg ,  
1965b). P a r a s i t i z e d  b lu e  c ra b s  e v id e n c e  red u ced  b lo o d  g lu c o se  l e v e l s  
d u r in g  th e  t e r m in a l  s t a g e s  o f  m ic ro s p o r id a n  i n f e c t i o n  ( a  t e r m in a l  
h y p o g ly c e m ia ) . Reduced hemolymph g lu c o s e  may be  a s c r i b e d  to  th e  
i n c r e a s e d  m e ta b o l ic  demands o f  h o s t  c e l l s  a n d /o r  th e  d e v e lo p in g  
p a r a s i t e s .
P a r a s i t i c  p ro to z o a n s  a r e  known to  p ro d u ce  s i g n i f i c a n t  d i s tu r b a n c e s  
i n  h o s t  c e l l  c a r b o h y d ra te  m e ta b o l ism . Both b lo o d  s u g a r  l e v e l  and 
p o ly s a c c h a r id e  r e s e r v e s  may be a f f e c t e d .  T erm ina l hypog lycem ia  
accom panies  s e v e r a l  m a l a r i a  i n f e c t i o n s  ( F u l t o n ,  1939; M arvin  and 
R igdon , 1945; M ercado, 1952; Sadun e t  a l . , 1965) and t r y p a n o s o m ia s is  
(Moon e t  a l . ,  1968; Sanchez and D u sa n ic ,  1968). L i v e r  g ly c o g en  c o n t e n t ,  
and to  a  l e s s e r  e x t e n t  p r o t e i n  l e v e l ,  a r e  low ered  i n  p ro to z o a n  
i n f e c t i o n  (Mercado and von B ran d , 1954; M arciacq  and S e ed , 1970; 
von B ran d , 1973). A l t e r e d  l i v e r  m e tab o l ism  i s  o f t e n  accom panied by 
r e d u c t i o n s  i n  m uscle  g ly co g en  (von B rand , 1973). However, Plasmodium 
and some Trypanosoma i n f e c t i o n s  in v o lv e  d i r e c t  p a r a s i t e  i n v a s io n  o f  
h o s t  l i v e r  t i s s u e  w hereas  th e  h e p a to p a n c re a s  o f  b lu e  c r a b s  i s  n o t
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s u b j e c t  to  i n f e c t i o n *  T h e r e f o r e ,  any d i s t u r b a n c e s  i n  h e p a to p a n c re a s  
c a r b o h y d ra te  m e ta b o lism  d u r in g  m ic ro s p o r id a n  i n f e c t i o n  a r e  m ere ly  a  
r e f l e c t i o n  o f  m uscle  d y s f u n c t io n .
L a c t i c  a c id  i s  known to  accu m u la te  i n  th e  b lo o d  o f  p r o to z o a n -  
i n f e c t e d  a n im a ls  (von  B ran d , 1973). However, i n  d e a l i n g  w i th  whole 
an im a ls  s t u d i e s ,  i t  i s  d i f f i c u l t  to  a s c e r t a i n  w h e th e r  e l e v a t e d  l a c t a t e  
c o n c e n t r a t i o n s  a r e  th e  r e s u l t  o f  p a r a s i t e  p r o d u c t io n  o r  h o s t  c e l l  
m e tab o lism . In  i s o l a t e d  b lo o d s t r e a m  forms o f  p a th o g e n ic  try p a n o so m es , 
a e r o b ic  and a n a e r o b ic  g lu c o se  f e r m e n ta t i o n  r e s u l t  i n  th e  p ro d u c t io n  
o f  s i g n i f i c a n t  q u a n t i t i e s  o f  p y ru v a te  and o n ly  t r a c e  amounts o f  l a c t a t e  
(G ran t  and F u l t o n ,  1957; Bowman e t  a l . ,  1970). T h e r e f o r e ,  i t  seems 
l i k e l y  t h a t  r e p o r t e d  i n c r e a s e s  i n  b lo o d  l a c t a t e  a r e  th e  r e s u l t  o f  
v e r t e b r a t e  h o s t  c e l l  m e ta b o l ism . I n  m a l a r i a ,  th e  s i t u a t i o n  a p p e a rs  
more c o m p l ic a te d  s i n c e  l a c t a t e  may be  a  p r i n c i p l e  e n d -p ro d u c t  o f  b o th  
p a r a s i t e  and v e r t e b r a t e  h o s t  c e l l  g l y c o l y s i s  (W endel, 1943; S ilve rm an  
e t  a l . ,  1944; Speck e t _ a l . ,  1946; F u l to n  and S pooner ,  1956; Bowman 
e £  al_ ., I960 ; Sherman e t  a l . , 1969). I n  a d d i t i o n  to  v e r t e b r a t e s ,  
c r u s t a c e a n s  have a l s o  b een  shown to  p roduce  s i g n i f i c a n t  q u a n t i t i e s  o f  
l a c t i c  a c id  u n d e r  a  v a r i e t y  o f  s t r e s s  c o n d i t i o n s  ( i . e . ,  h y p o x ia  and 
e x e r c i s e )  (T e a l  and C arey , 1967; D endinger and S c h a t z l e i n ,  1973; 
P h i l l i p s  et_ a l^ . , 1977; B urke , 1979). The r e l a t i v e  im p o r tan c e  o f  h o s t  
c e l l  and p a r a s i t e  m e tab o l ism  i n  th e  a cc u m u la t io n  o f  l a c t a t e  by 
m i c r o s p o r i d a n - i n f e c t e d  b lu e  c r a b s  can  n o t  be  d e te rm in e d  from t h i s  
s tu d y  b u t  w i l l  be d i s c u s s e d  i n  c o n n e c t io n  w i th  i s o l a t e d  p a r a s i t e  
c a r b o h y d ra te  m e ta b o l ism  ( s e e  C h ap te r  3 ) .
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M ic r o s p o r id a n  i n f e c t i o n  c o n t r i b u t e s  t o  s i g n i f i c a n t  a l t e r a t i o n s  
i n  t h e  b io c h e m ic a l  c o n s t i t u e n t s  o f  b l u e  c r a b  h o s t  t i s s u e s .
M o d i f i c a t i o n s  i n  s k e l e t a l  m usc le  p r o t e i n  and c a r b o h y d r a t e  
m e ta b o l ism  a r e  u l t i m a t e l y  r e f l e c t e d  i n  s u b s t a n t i a l  v a r i a t i o n s  i n  
hemolymph c o m p o s i t io n .  C h a r a c t e r i z a t i o n  o f  t h e  b lu e  c r a b  h o s t  
c e l l  e n v iro n m e n t  d u r in g  Ameson m i c h a e l i s  i n f e c t i o n  p r o v id e s  c r i t i c a l  
b ack g ro u n d  i n f o r m a t i o n  f o r  m e ta b o l i c  s t u d i e s  c o n c e rn in g  i s o l a t e d  
m ic r o s p o r id a n  p a r a s i t e s .
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Chapter 3
C a rb o h y d ra te  M etab o lism  o f  I s o l a t e d  
M ic ro sp o r id a n  P a r a s i t e s
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INTRODUCTION
S tu d ie s  a t te m p t in g  to  c h a r a c t e r i z e  th e  m e ta b o l ic  and b io c h e m ic a l 
p r o p e r t i e s  o f  o b l i g a t e  i n t r a c e l l u l a r  p ro to z o a n  p a r a s i t e s  a r e  s u b je c t  
to  s e v e r a l  fo rm id a b le  p ro b le m s : ( i )  As u n i c e l l u l a r  o rg a n is m s , 
p a r a s i t i c  p ro to z o a n s  n e c e s s a r i l y  p o s s e s s  b io c h e m ic a l c a p a b i l i t i e s  
w hich a r e  m ore com plex th a n  th e  s p e c i a l i z e d  a c t i v i t i e s  o f  m e tazo an  
c e l l s ,  ( i i )  By v i t u r e  o f  t h e i r  o b l i g a t e  i n t r a c e l l u l a r  e x i s t e n c e ,  
th e  m e ta b o l ic  a c t i v i t i e s  o f  th e s e  p a r a s i t e s  a r e  i n t im a te ly  a s s o c ia t e d  
w ith  th o s e  o f  t h e i r  h o s t  c e l l  e n v iro n m e n t, ( i i x )  The i n t r i c a t e  
l i f e  c y c le s  o f  th e s e  p a r a s i t e s  o f t e n  in v o lv e  m u l t ip l e  h o s t s  a n d /o r  
v a r io u s  s p e c i a l i z e d  t i s s u e s  w i th in  a  s i n g l e  h o s t ,  ( i v )  M e ta b o lic  
s tu d i e s  c o n d u c te d  u s in g  d i f f e r e n t  d e v e lo p m e n ta l s ta g e s  o f  th e  same 
p a r a s i t e  may p ro d u ce  d i s s i m i l a r  and o f t e n  c o n f l i c t i n g  d a ta  c o n c e rn in g  
b io c h e m ic a l c h a r a c t e r i s t i c s  ( s e e  F l e t c h e r  and M a e g ra ith , 1972; 
Thompson and W erb e l, 1972; T r a g e r ,  1974; Rieckm ann and  S ilv e rm a n ,
1977 f o r  d e t a i l e d  re v ie w  o f  t h i s  s u b j e c t ) .
Any e x a m in a tio n  o f  m ic ro s p o r id a n  e n e rg y  m e ta b o lism  i s  c o n t in g e n t  
upon s u i t a b l e  te c h n iq u e s  f o r  th e  i s o l a t i o n  and e x t r a c e l l u l a r  m a in t­
en an ce  o f  th e  v a r io u s  l i f e  c y c le  s t a g e s .  Arneson m ic h a e l i s  p a r a s i t e s  
o f  th e  b lu e  c r a b ,  C a l l i n e c t e s  s a p id u s , p ro v id e  a c o n v e n ie n t  so u rc e  
o f  c e l l s  f o r  su ch  n u t r i t i o n a l  s t u d i e s .  The p a r t i c u l a r l y  r e s i s t a n t  
n a tu r e  o f  th e  s p o re  w a ll  a l lo w s  e a sy  i s o l a t i o n  o f  t h i s  s ta g e  from  
h o s t  m u sc le  c e l l s  (W e id n er, 1 9 7 0 ).
In  v i t r o  e x p o su re  o f  p u r i f i e d  s p o re s  to  c e r t a i n  o sm o tic  and 
io n i c  s h i f t s  r e s u l t s  i n  s p o re  h a tc h in g  an d  th e  i s o l a t i o n  o f  th e
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e x p e l le d  sp o ro p la sm  s ta g e  (W eidner, 1972; 1976). V ia b le  sporop lasm s 
m a in ta in e d  e x t r a c e l l u l a r l y  f o r  fo u r  h o u rs  i n  t i s s u e  c u l t u r e  medium 
supp lem en ted  w ith  a d e n o s in e  t r ip h o s p h a te  (ATP), coenzyme A and 
p y r u v ic  a c id  r e t a i n  t h e i r  u l t r a s t r u e t u r a l  i n t e g r i t y  (W eidner and 
T r a g e r ,  1973 ). H ow ever, th e r e  i s  no in d i c a t io n  o f  sp o ro p la sm  
grow th o r  d i f f e r e n t i a t i o n  d u r in g  th e  in c u b a t io n  p e r io d .  T h is  
a p p e a rs  to  be a n a t u r a l  s i t u a t i o n  s in c e  sp o ro p la sm s o f  s e v e r a l  
m ic ro s p o r id a n  s p e c ie s  i n j e c t e d  in to  h o s t  c e l l s  in  v i t r o  rem ain  
q u ie s c e n t  f o r  some tim e  (up  to  24 h r )  b e fo re  d i s p la y in g  o b v io u s  
e v id en c e  o f  developm en t ( I s h i h a r a  and S o h i, 1966; S hadduck , 1969; 
U ndeen, 1975).
T h is  i n i t i a l  " s t a t i c "  p e r io d  may a c t u a l l y  be  a  r a t h e r  dynam ic 
tim e  when s e v e r a l  e s s e n t i a l  t r a n s p o r t  and m e ta b o lic  p ro c e s s e s  
become f u n c t io n a l ly  co m p eten t p r i o r  to  th e  g row th  and m u l t i p l i c a t i v e  
p h ase  o f  p a r a s i t e  d e v e lo p m en t. As a  f i r s t  s t e p  i n  c h a r a c te r i z in g  
th e  m e ta b o lic  p o t e n t i a l  o f  th e  e a r l y  sp o ro p la sm  s t a g e ,  we have 
exam ined th e  c a rb o h y d ra te  a c t i v i t y  o f  sp o ro p la sm  p o p u la t io n s  d u r in g  
b r i e f  p e r io d s  o f  e x t r a c e l l u l a r  m a in te n a n c e .
MATERIALS AND METHODS 
I s o l a t i o n  and D isc h a rg e  o f  S po res
S k e le t a l  m uscle  h e a v i ly  in f e c te d  w ith  Ameson m ic h a e l is  was 
removed from  b lu e  c ra b s  and hom ogenized i n  th e  p re s e n c e  o f  0 .1  N 
KOH to  d i s s o c i a t e  th e  h o s t  t i s s u e  com ponent. The r e s u l t i n g  s u sp e n s io n  
was c e n t r i f u g e d  (8 ,0 0 0  g ; 20 m in) and th e  s u p e r n a ta n t  m a t e r i a l ,  
c o n ta in in g  m o s tly  m uscle  hom ogenate , was d is c a r d e d .  The c ru d e  sp o re  
p e l l e t  was re su sp e n d e d  i n  d i s t i l l e d  w a te r  and c e n t r i f u g e d  (1 ,0 0 0  g;
10 m in ) . The c e n t r i f u g a t i o n  and wash c y c le  was c o n tin u e d  u n t i l  a 
p u re  w h ite  sp o re  p e l l e t  was o b ta in e d .  The p u r i t y  o f  th e  p e l l e t  was 
v e r i f i e d  by l i g h t  m ic ro sc o p y . I s o l a t e d  s p o re s  w ere s to r e d  a t  0-4°C  
in  d i s t i l l e d  w a te r  c o n ta in in g  an  a n t i b i o t i c  (50  pg /m l g en tam y cin ; 
S c h e rin g  C o rp .)  to  s u p p re s s  b a c t e r i a l  g ro w th .
S pores o f  Ameson m ic h a e l is  w ere p rim ed  f o r  h a tc h in g  w ith  90-120 
min in c u b a t io n  in  f r e s h l y  made M ic h a e lis -V e ro n a l a c e t a t e  b u f f e r  
(0 .1 5  M sodium  a c e t a t e ,  0 .1 5  M sodium  b a r b i t o l  in  c a rb o n  d io x id e -  
f r e e  d i s t i l l e d  w a te r ,  pH 1 0 ). F o llo w in g  c e n t r i f u g a t i o n  (1 ,0 0 0  g ; 10 
m in ) ,  th e  s p o re s  d is c h a rg e d  when p la c e d  in  Medium 199 w ith  g lu ta m in e , 
m o d if ie d  E a r l e 's  s a l t s  and w ith o u t  p h e n o l re d  i n d i c a t o r ,  pH 7 .2  
(G rand I s la n d  B io lo g ic a l  C o .,  C a t . No. 3 2 0 -1 1 5 7 )  ^ The r e s u l t i n g  
sp o ro p la sm s  w ere u sed  f o r  th e  s tu d y  o f  t h e i r  b io c h e m ic a l a c t i v i t y .
G lucose  C a tab o lism
H atched  sp o ro p lasm s w ere in c u b a te d  in  Medium 199 jh 3 mM ATF 
and 10 mM NaF. A t d e s ig n a te d  i n t e r v a l s  (0 -1 8 0  m in ) , 2 ml a l iq u o t s
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w ere w ith d raw n  and th e  c e l l s  w ere  h a r v e s te d  from  th e  in c u b a t io n  medium 
by c e n t r i f u g a t i o n  (1 0 ,0 0 0  g ;  2 m in ) .  The g lu c o s e  c o n c e n t r a t io n  o f  
th e  s u p e r n a ta n t  medium was q u a n t i f i e d  c o l o r i m e t r i c a l l y  by  th e  g lu c o se  
o x id a s e - p e r o x id a s e  m ethod (R aabo and T e r k i ld s o n ,  1960 a s  m o d if ie d  
by Sigm a C hem ical C o .,  K i t  No. 5 1 0 ) .  I n  a d d i t i o n ,  th e  a c c u m u la tio n  
o f  l a c t a t e  and p y ru v a te  in  th e  medium was d e te rm in e d . 1 .0  ml o f  th e  
s u p e r n a ta n t  was im m e d ia te ly  t r a n s f e r r e d  to  c e n t r i f u g e  tu b e s  c o n ta in in g  
2 .0  ml c o ld  8% p e r c h l o r i c  a c i d .  The tu b e s  w ere  a g i t a t e d  and r e tu r n e d  
to  an  i c e  b a th  f o r  5 m in t o  a s s u r e  c o m p le te  p r e c i p i t a t i o n  o f  any 
p r o t e i n s  p r e s e n t .  The m ix tu re  was s u b s e q u e n t ly  c e n t r i f u g e d  (3 ,0 0 0  g ; 
10 m in) and th e  l a c t a t e  and p y ru v a te  c o n c e n t r a t io n s  o f  th e  p r o t e i n -  
f r e e  s u p e r n a ta n t  w ere q u a n t i f i e d  by  th e  Sigma m ethod f o r  th e  u l t r a ­
v i o l e t  d e te r m in a t io n  o f  l a c t i c  and p y r u v ic  a c id s  a t  340 run (S igm a 
C hem ical C o .,  K i t  N os. 826-UV and 726-UV, r e s p e c t i v e l y ) .
G lu co se  U ptake
Prim ed s p o re s  w ere  re s u sp e n d e d  f o r  h a tc h in g  in  10 ml t i s s u e  
c u l t u r e  m edia  c o n ta in in g  0 .5  y C i/m l ^ C -D -g lu c o s e  (u n ifo rm ly  l a b e l l e d ,  
s p e c i f i c  a c t i v i t y  1-5 mCi/mM, New E ng land  N u c le a r  C o r p . ) .  At 
d e s ig n a te d  i n t e r v a l s  (0 -1 2 0  m in ) ,  1 ml a l i q u o t s  w ere w ith d raw n  and 
th e  sp o ro p la sm s  w ere im m e d ia te ly  rem oved from  th e  r a d i o a c t i v e  medium 
by c e n t r i f u g a t i o n  (1 0 ,0 0 0  g ;  2 m in ) .  The s u p e r n a ta n t  was m easu red  
d i r e c t l y  f o r  th e  e x t r a c e l l u l a r  d is a p p e a ra n c e  o f  th e  * ^ C - la b e l .  The 
p e l l e t  was w ashed tw ic e  w i th  n o n r a d io a c t iv e  m edium , s o l u b i l i z e d  
w ith  P r o to s o l  (New E ng land  N u c le a r  C o rp .)  and  a s s a y e d  f o r  th e
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i n t r a c e l l u l a r  ap p ea ran ce  o f  th e  ^ C - l a b e l .  R a d io a c t iv i ty  was 
m easured  u s in g  a  Beckman l i q u i d  s c i n t i l l a t i o n  c o u n te r .  A quaso l- 
2 and E co n o flu o r (New E ngland N uclear Corp.) w ere u sed  as  th e  
s c i n t i l l a t i o n  c o c k ta i l s  f o r  th e  s u p e rn a ta n t  and s o lu b i l i z e d  c e l l  
p e l l e t  sam p les , r e s p e c t iv e ly .  G lucose u p tak e  v a lu e s  were o b ta in e d  
by c o n v e r tin g  th e  r a d io a c t iv e  co u n ts  in to  ym oles g lu c o se  tak en  
u p /1 0 * ^  sp o ro p la sm s. The u p ta k e  o f  g lu c o se  by A. m ic h a e lis  sporoplasm s 
was conducted  in  Medium 199 o r  m o d ified  Minimum E s s e n t i a l  Medium 
( 0 .5  mM g lu c o se , m inus ATP, le u c in e  and g ly c in e )  w ith  o r  w ith o u t 
th e  a d d i t io n  o f  3 mM ATP’ t r i s  and in  th e  p re se n c e  o f  v a r io u s  
i n h i b i t o r s :  10 mM NaF, 1 mM o u ab a in  and 0 .5  mM a m ilo r id e .
RESULTS
F o llo w in g  9 0 -120  m in in c u b a t io n  i n  M ic h a e l is -V e r o n a l  a c e t a t e  
b u f f e r  (pH 1 0 ) , Ameson m ic h a e l i s  s p o re s  g e rm in a te d  when p la c e d  in  
t i s s u e  c u l t u r e  Medium 199 (M 199, pH 7 . 2 ) .  T y p i c a l ly ,  o n ly  10-20% 
o f  th e  s p o re s  h a tc h e d  —  i . e . ,  e j e c t e d  t h e i r  p o l a r  f i l a m e n t  and 
e x p e l l e d  an  i n f e c t i v e  s p o r e - c e l l  ( s p o ro p la sm  o r  s p o r o p la s t )  from  
th e  d i s t a l  en d  o f  th e  in v a s io n  tu b e .  S pore  s u s p e n s io n s  w ere  
su rv e y e d  w ith  a  hem o cy to m ete r b o th  b e f o r e  and a f t e r  h a tc h in g  to  
o b t a in  an  a c c u r a te  c o u n t o f  th e  num ber o f  sp o ro p la sm  c e l l s  p r e s e n t .  
M e ta b o lic  d a ta  w ere e x p re s s e d  a s  a  f u n c t io n  o f  sp o ro p la sm  num ber 
r a t h e r  th a n  on a  d ry  w e ig h t b a s i s ;  u n t r e a t e d  and p r im e d , b u t  u n h a tc h e d , 
s p o re s  la c k e d  d e t e c t a b l e  m e ta b o l ic  a c t i v i t y .  The d e c i s io n  to  r e f e r  
m e ta b o l ic  m easu rem en ts  to  u n i t  num ber o f  o rg a n ism s  r a t h e r  th a n  to  
u n i t  w e ig h t was d i c t a t e d  by  th e  t e c h n i c a l  d i f f i c u l t i e s  o f  o b ta in in g  
r e l i a b l e  d ry  w e ig h t f i g u r e s .  A d d i t i o n a l l y ,  s in c e  e x p e r im e n ta l  
c u l t u r e s  c o n ta in e d  b o th  sp o ro p la sm s  and u n h a tc h e d  s p o r e s ,  w hich  a r e  
n o t  e a s i l y  s e g r e g a te d  from  one a n o th e r ,  t h e i r  r e l a t i v e  c o n t r i b u t i o n  
to  w e ig h t m easu rem en ts  c an  n o t  be a c c u r a t e l y  d e te rm in e d .
G lu co se  C a ta b o lism
Ameson m ic h a e l i s  sp o ro p la sm s  u t i l i z e d  g lu c o s e  when m a in ta in e d  
e x t r a c e l l u l a r l y  i n  M 199 su p p lem en te d  w ith  3 mM ATP (T a b le  3 - 1 ) .
The d is a p p e a ra n c e  o f  ex o g enous g lu c o s e  was fo llo w e d  by  th e  a p p e a ra n c e  
o f  s u b s t a n t i a l  q u a n t i t i e s  o f  b o th  l a c t i c  a n d , to  a  l e s s e r  e x t e n t ,  
p y ru v ic  a c id s  i n  th e  c u l t u r e  medium (T a b le  3 -2  and  3 - 3 ) .  The m ost 
r a p id  r a t e  o f  g lu c o s e  co n su m p tio n  o c c u re d  b e tw een  0 -3 0  m in o f
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T a b le  3 - 1 .  G lu co se  u t i l i z a t i o n  by  i s o l a t e d  Ameson m ic h a e l i s  
sp o ro p la sm s  in c u b a te d  i n  Medium 199 (M 199) 
c o n ta in in g  5 .5  mM g lu c o s e .  D ata  a r e  p r e s e n te d  a s  
( c u m u la t iv e )  pm oles g lu c o s e  u t i l i z e d / 1 0 ^  s p o ro p la sm s . 
A l l  v a lu e s  a r e  g iv e n  a s  th e  mean o f  f o u r  e x p e r im e n ts  
+ 95% c o n f id e n c e  i n t e r v a l .
Time o f  M 199 M 199 M 199
In c u b a t io n  +3 mM ATP -  ATP + 3 mM ATP
(m in)_________________________________________________ +10 mM NaF
30 3 0 . 3 + 4 . 5  0 0
60 4 0 .0  + 2 . 3  0 0
120 4 6 . 4 + 1 . 2  1. 2 + 0 . 4  0
180 47.3 + 1.9 4.7 + 0.9 0
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T ab le  3 - 2 .  L a c ta t e  p ro d u c t io n  by  i s o l a t e d  Ameson m ic h a e l is  
sp o ro p la sm s  in c u b a te d  in  Medium 199 (M 199) 
c o n ta in in g  5 .5  mM g lu c o s e .  D a ta  a r e  p r e s e n te d
sp o ro p la sm s . A l l  v a lu e s  a r e  g iv e n  a s  th e  mean 
o f  fo u r  e x p e r im e n ts  95% c o n f id e n c e  i n t e r v a l .
Time o f  M 199 M 199 M 199
In c u b a t io n  +3 mM ATP -  ATP + 3 mM ATP
(m in) 4-10 mM NaF
30 1 2 . 2 + 3 . 1  0 . 6  + 0 . 1  0 . 6  + 0 . 4
60 4 7 . 9 + 4 . 5  1.4 + 0 . 9  1.7 + 0 . 5
120 6 2 . 4 + 1 . 7  7 . 3  + 0 . 7  1.6 + 0 . 4
180 62.3 + 0.9 7.3 + 1-1 1.7 + 0.5
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T ab le  3 - 3 .  P y ru v a te  p ro d u c t io n  by i s o l a t e d  Ameson m ic h a e lis  
sp o ro p la sm s in c u b a te d  in  Medium 199 (M 199) 
c o n ta in in g  5 .5  mM g lu c o s e .  D a ta  a r e  p re s e n te d
sp o ro p la sm s . A l l  v a lu e s  a re  g iv e n  a s  th e  mean 
o f  fo u r  e x p e r im e n ts  +_ 95% c o n fid e n c e  i n t e r v a l .
Time o f  M 199 M 199 M 199
In c u b a t io n  +3 mM ATP -  ATP + 3 mM ATP
(m in) +10 mM NaF
30 2 3 . 6 + 3 . 0  2 0 . 8 + 2 . 4  8 . 5  + 1 . 7
60 3 5 . 8 + 4 . 1  2 1 . 6 + 1 . 3  7 . 9  + 0 . 9
120 4 1 . 4 + 1 . 7  2 0 . 9 + 0 . 5  7 . 8  + 0 . 3
180 41.0 + 1.0 21.2 + 0.8 7.5 + 1.1
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sp o ro p la sm  in c u b a t io n  (^,30 ym oles g lu c o s e  u t i l i z e d / 10*® sp o ro p la sm s) 
w h ile  th e  h ig h e s t  r a t e  o f  p y ru v a te  and  l a c t a t e  a c c u m u la tio n  to o k  
p la c e  b e tw een  th e  0 -3 0  m in 0b27 ym oles p y ru v a te  p r o d u c e d /1 0 ^  
sp o ro p la sm s )  and 3 0 -6 0  m in (a.36 ym oles l a c t a t e  p r o d u c e d /10*® 
sp o ro p la sm s) p e r i o d s ,  r e s p e c t i v e l y .  S u b s e q u e n t ly , c a rb o h y d ra te  was 
consum ed a t  a re d u c e d  r a t e  w ith  o n ly  m in o r d e c r e a s e s  i n  medium g lu c o se  
c o n c e n t r a t io n  o b s e rv e d  OblO ym oles g lu c o s e  u t i l i z e d / 10*® sp o ro p la sm s 
f o r  th e  3 0 -6 0  m in in c u b a t io n  p e r io d ;  'b7 ym oles g lu c o se  u t i l i z e d / 10*® 
sp o ro p la sm s  f o r  th e  6 0 -1 8 0  min i n t e r v a l ) .  W ith p ro lo n g e d  in c u b a t io n ,  
th e  l e v e l  o f  m e ta b o l ic  e n d -p ro d u c ts  r e a c h e d  an  a p p a r e n t  s t e a d y - s t a t e  
c o n d i t io n  i n  w h ich  o n ly  m in o r in c r e a s e s  i n  c o n c e n t r a t io n s  w ere n o te d  
(%14 ym oles l a c t a t e  p r o d u c e d /10*® sp o ro p la sm s  from  6 0 -1 8 0  m in ;
-bS ym oles p y ru v a te  p roduced /10*®  sp o ro p la sm s  from  6 0 -1 8 0  m in ) .  D uring  
180 m in o f  sp o ro p la sm  in c u b a t io n ,  th e  t o t a l  p r o d u c t io n  o f  l a c t i c  and 
p y r u v ic  a c id s  ('b 103 ym oles l a c t a t e  and  p y ru v a te  p r o d u c e d /10*® 
sp o ro p la sm s  «= 52 ym oles g lu c o se  u t i l i z e d )  s l i g h t l y  e x ceed ed  th e  am ount
o f  exogenous g lu c o s e  u t i l i z e d  47 ym oles g lu c o se  u t i l i z e d / 10*® 
s p o ro p la s m s ) .
S porop lasm s p la c e d  in  M 199 w i th o u t  th e  a d d i t i o n  o f  ATP r a p id ly  
( w i th in  15-30 m in) d i s i n t e g r a t e d .  I n  th e  a b se n c e  o f  ATP, medium 
g lu c o s e  l e v e l s  re m a in ed  v i r t u a l l y  u n ch an g ed  w ith  o n ly  a  g ra d u a l  
d e c r e a s e  e v id e n c e d  a f t e r  120-180 m in o f  in c u b a t io n  (T a b le  3 - 1 ) .  When 
com pared to  sp o ro p la sm s  m a in ta in e d  i n  su p p lem en ted  m e d ia , c e l l s  
d e p r iv e d  o f  ATP e v o lv e d  re d u c e d  q u a n t i t i e s  o f  p y ru v a te  (^21 ym oles 
p y ru v a te  p r o d u c e d /10*® sp o ro p la sm s  a f t e r  180 m in in c u b a t io n )  and
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b a r e ly  d e te c ta b le  am ounts o f  l a c t a t e  ('v- 7 y n o le s  l a c t a t e  p ro d u c e d /10*® 
sp o ro p la sm s  a f t e r  180 m in )(T a b le  3 -2  and 3 - 3 ) ,
The a d d i t io n  o f  10 mM NaF, a  p o te n t  g l y c o l y t i c  i n h i b i t o r ,  to  
M 199 c o n ta in in g  3 mM ATP e l im in a te d  g lu c o se  u t i l i z a t i o n  (T ab le  3 - 1 ) .  
S porop lasm s s u b je c te d  to  f l u o r id e  t r e a tm e n t  d id  n o t  e v o lv e  s u b s t a n t i a l  
q u a n t i t i e s  o f  e i t h e r  g ly c o ly t i c  e n d -p ro d u c t su rv e y ed  (y  1 .5 - 2 .0  ymoles 
l a c t a t e  p ro d u c e d /10 ^  sp o ro p la sm s  a f t e r  180 m in in c u b a t io n ;^  7 .5 - 8 .0  
ym oles p y ru v a te  p ro d u c e d /1 0 10 sp o ro p la sm s a f t e r  180 m in) (T ab le  3 -2  
and 3 - 3 ) .
G lu co se  U ptake
Ameson m ic h a e l is  sp o ro p la sm s m a in ta in e d  i n  M 199 (5*5 mM g lu c o se )  
o r  m o d if ie d  Minimum E s s e n t i a l  Medium ( 0 .5  mM g lu c o s e )  su p p lem en ted  
w i th  3 mM ATP accu m u la ted  g lu c o se  s u p p l ie d  in  th e  e x t e r n a l  medium 
(T a b le  3 - 4 ) ,  G lucose  u p ta k e  d id  n o t  o c c u r  a p p r e c ia b ly  in  th e  ab se n c e  
o f  an  exogenous e n e rg y  so u rc e  ( i . e . ,  ATP) o r  in  th e  p re se n c e  o f  10 mM 
NaF. A t low s u b s t r a t e  c o n c e n t r a t io n s  (0 .5  mM g lu c o s e ) ,  th e  r a t e  o f  
c a rb o h y d ra te  e n t r y  i n to  ra ic ro s p o r id a n  c e l l s  O' 11 ym oles g lu c o se  ta k e n  
u p /1 0 10 sp o ro p la sm s a f t e r  60 m in in c u b a t io n )  was more th a n  f iv e  tim es  
t h a t  o b se rv ed  f o r  h ig h e r  (5 .5  mM) g lu c o se  c o n c e n t r a t io n s  ( ^ 2  ym oles 
g lu c o s e s  ta k e n  u p /1 0 10 sp o ro p lasm s a f t e r  60 m in ) . F o llo w in g  60 min 
o f  sp o ro p la sm  in c u b a t io n ,  an a p p a r e n t  s t e a d y - s t a t e  c o n d i t io n  was 
a c h ie v e d  in  w hich  no f u r t h e r  in c r e a s e s  i n  g lu c o s e  u p ta k e  w ere 
d e m o n s tra te d . On th e  c o n t r a r y ,  a  g ra d u a l  d e c l in e  i n  th e  c e l l u l a r  
r a d i o a c t i v e  l a b e l  accom panied  e x te n d e d  m a in te n an c e  p e r io d s  (>60 m in ) .
T able  3 -4 . Uptake o f  U -^ C -D -g lu co se  by  i s o la te d  Ameson m ic h a e lis  sp o ro p lasm s. D ata a re  
p re s e n te d  as  m oles g lu c o se  ta k e n  u p / 1 0 ^  sp o ro p lasm s. A ll  v a lu e s  a re  g iv en  
a s  th e  mean o f  th re e  ex p erim en ts  + 95% co n fid en ce  i n t e r v a l .
a b
Time o f   low  S u b s tra te _____________   High S u b s tra te
In c u b a tio n
(m in)
+ ATP - ATP + ATP 
-  NaF
+ ATP -  ATP + ATP
-  NaF
30 3 .6 + 0 .5 2 .1 + 0 .4 1.9 + 0 .3 0 .9  + 0 .2 0 .5  + 0 .1 0 .4  ±  0 .1
60 11.2 + 1.7 1.9 + 0 .2 1.5 + 0 .2 2 .2  + 0 .9 0 .4  + 0 .2 0
90 10.8 + 1.1 0 .9 + 0 .2 0 .4  + 0 .1 2 .0  + 0 .7 0 0
120 9 .9 + 1.3 0 .5 + 0 .1 0 1.7 + 0 .4 0 0
a M odified  Minimum E s s e n t i a l  Medium c o n ta in in g  0 .5  mM g lu co se  
^Medium 199 c o n ta in in g  5 .5  mM g lu co se
G lucose  u p ta k e  by A. m ic h a e l is  sp o ro p lasm s d is p la y e d  s e n s i t i v i t y  
tow ard  known i n h i b i t o r s  o f  sodium  t r a n s p o r t .  A t low  s u b s t r a t e  
c o n c e n t r a t io n s ,  1 mM o u a b a in  e f f e c t i v e l y  i n h i b i t e d  g lu c o se  t r a n s p o r t  
by  7 5 .0  + 4.5% (a  d e c re a s e  o f  ^ 8 .4  ym oles g lu c o se  ta k e n  u p / 10*® 
sp o ro p la sm s  a f t e r  60 m in in c u b a t io n ) ,  w h e rea s  g lu c o se  u p ta k e  was 
c o n s id e r a b ly  l e s s  a f f e c t e d  b y  o u a b a in  a t  h ig h e r  s u b s t r a t e  l e v e l s  
(4 5 .2  + 2.7% i n h i b i t i o n  « d e c re a s e  o f ' v l . O  ym oles g lu c o se  ta k e n  u p / 
10*® sp o ro p lasm s a f t e r  60 m in ) . In  th e  p re s e n c e  o f  0 .5  mM a m ilo r id e ,  
g lu c o se  e n t r y  i n t o  c e l l s  was a ls o  p r e f e r e n t i a l l y  i n h i b i t e d  a t  low 
(5 2 .1  +_ 3.5% i n h i b i t i o n  = d e c re a s e  o f  ^ 5 .8  m oles g lu c o se  ta k e n  u p / 
I 0 10 p a r a s i t e s  a f t e r  60 m in in c u b a t io n  r a t h e r  th a n  h ig h  s u b s t r a t e  
c o n c e n t r a t io n s  (3 4 .7  -1-2.1% i n h i b i t i o n  = d e c re a s e  o f  0 .8  ym oles 
g lu c o se  ta k e n  u p / 1 0 ^  p a r a s i t e s  a f t e r  60 ra in ) .
DISCUSSION
W ith few e x c e p t io n s ,  p a r a s i t i c  p ro to z o a n s  h av e  b e en  found to  
u t i l i z e  o r  even  r e q u i r e  s o lu b le  c a rb o h y d ra te s  (von  B ran d , 1973). 
T h e re fo re ,  a  c a rb o h y d ra te  s o u rc e ,  u s u a l ly  in  th e  form  o f  g lu c o s e , 
i s  f r e q u e n t ly  in c o r p o r a te d  a s  a  m a jo r c o n s t i t u e n t  o f  m edia u sed  in  
t h e i r  e x t r a c e l l u l a r  c u l t i v a t i o n .  I t  i s  e v id e n t ,  h o w ev er, t h a t  a 
d e f i n i t i v e  s ta te m e n t  c o n c e rn in g  c a rb o h y d ra te  u t i l i z a t i o n  by 
i n t r a c e l l u l a r  p a r a s i t e s  can  be made o n ly  i f  th e  p a r a s i t e s  a re  
c o m p le te ly  i s o l a t e d  from  h o s t  c e l l s  and a re  m a in ta in e d  e x t r a c e l l u l a r l y  
as  p u re  p o p u la t io n s .  C a u tio n  m ust be  e x e r c i s e d ,  n e v e r th e l e s s ,  in  
th e  i n t e r p r e t a t i o n  o f  d a ta  d e r iv e d  from  th e  in  v i t r o  m a n ip u la t io n  
o f  i n t r a c e l l u l a r  p a r a s i t e s .  S in ce  c u l t u r e  c o n d i t io n s  c an n o t 
f a i t h f u l l y  ap p ro x im a te  th e  h o s t  c e l l  e n v iro n m e n t, i t  i s  q u i te  
p o s s ib le  t h a t  b io c h e m ic a l p o t e n t i a l i t i e s  a re  b e in g  s tu d ie d  r a t h e r  
th a n  m e ta b o lic  r e a l i t i e s  a s  th e y  o c c u r  i n  v iv o  (von  B ran d , 1973).
In  a l l  c e l l s ,  th e  c a ta b o l is m  o f  g lu c o se  le a d s  to  th e  r e l e a s e  
o f  ch em ica l e n e rg y  w hich  i s  c o u p led  to  th e  s y n th e s i s  o f  h ig h -e n e rg y  
compounds { i . e . ,  a d e n o s in e  t r ip h o s p h a te  (ATP)} n eeded  to  d r iv e  th e  
c e l l ' s  a n a b o l ic  p r o c e s s e s .  Maximum e n e rg y  y i e l d  i s  a c h ie v e d  in  
m ost c e l l s  by th e  co m p le te  o x id a t io n  o f  g lu c o se  to  c a rb o n  d io x id e  
and w a te r  w ith  th e  a s s i s t a n c e  o f  th e  m ito c h o n d rio n  and i t s  a s s o c ia te d  
t r i c a r b o x y l i c  a c id  (TCA) c y c le  and o x id a t iv e  p h o s p h o ry la t io n .
How ever, m ito c h o n d r ia  a p p e a r  to  be a b s e n t  from  a l l  s ta g e s  o f  
m ic ro s p o r id a n  d evelopm en t (W eid n er, 1970). T h e r e f o r e ,  i t  a p p ea rs  
l i k e l y  t h a t  g ly c o ly s i s  i s  a  m a jo r e n e r g y - y ie ld in g  c a t a b o l i c  pathw ay
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i n  th e s e  p a r a s i t e s .
Ameson m ic h a e l is  sp o ro p la sm s r e a d i l y  u t i l i z e  g lu c o se  when 
m a in ta in e d  e x t r a c e l l u l a r l y  i n  t i s s u e  c u l tu r e  Medium 199 (M 199) 
su p p lem en ted  w ith  3 mM ATP. A d e c l in e  in  exogenous g lu c o se  i s  
fo llo w e d  by  th e  a p p ea ra n ce  o f  s u b s t a n t i a l  q u a n t i t i e s  o f  b o th  l a c t i c  
and p y ru v ic  a c id s  in  th e  c u l t u r e  medium. The m ost r a p id  r a t e  o f  
g lu c o se  u t i l i z a t i o n  o c c u rs  b e tw een  0 -3 0  min o f  sp o ro p la sm  in c u b a t io n  
w h ile  th e  h ig h e s t  r a t e  o f  p y ru v a te  and l a c t a t e  a cc u m u la tio n  ta k e s  
p la c e  be tw een  th e  0 -3 0  and 30 -60  min p e r io d s ,  r e s p e c t i v e l y .  
S u b s e q u e n tly , g lu c o se  i s  consumed a t  a  red u ced  r a t e  and th e  l e v e l  
o f  m e ta b o lic  e n d -p ro d u c ts  re a c h e s  an  a p p a re n t s t e a d y - s t a t e  c o n d i t io n  
in  w hich no f u r t h e r  in c r e a s e s  in  c o n c e n t r a t io n  a r e  o b se rv e d . A 
s i m i l a r  s i t u a t i o n  h a s  b een  r e p o r te d  f o r  th e  c a rb o h y d ra te  m e tab o lism  
o f  f r e e d  e r y t h r o c y t i c  form s o f  Plasm odium  b e rg h e i  (Bowman et_ a l . ,  
1960). The t o t a l  p ro d u c tio n  o f  l a c t i c  and p y ru v ic  a c id s  ( M 0 3  ym oles 
l a c t a t e  and p y ru v a te  p r o d u c e d / 1 0 p a r a s i t e s  = 52 ym oles g lu c o se  
u t i l i z e d )  s l i g h t l y  ex ceed s th e  amount o f  exogenous g lu c o se  u t i l i z e d  
47 ym oles u t i l i z e d /1 0 * ^  p a r a s i t e s ) .  T h e re fo re ,  i t  a p p e a rs  q u i te  
p ro b a b le  t h a t  sp o ro p la sm s a re  e x p lo i t i n g  some endogenous c a rb o h y d ra te  
s o u rc e .  S p o res  o f  Nosema a p is  p o s s e s s  a f u n c t io n a l  t r e h a l a s e  sy stem  
(V anderm eer and G ochnauer, 1971). T re h a la s e  may a l s o  be  p r e s e n t  in  
Ameson m ic h a e l is  p a r a s i t e s  (W eid n er, u n p u b lis h e d  d a t a ) .  The a c t i v i t y  
o f  such  an  enzyme in  m ic ro s p o r id a n  sp o ro p la sm s may f u r n i s h  a  s u b s ta n ­
t i a l  am ount o f  th e  g lu c o se  r e q u i r e d  d u r in g  e a r l y  p a r a s i t e  g ro w th .
S porop lasm s p la c e d  in  M 199 w ith o u t  th e  a d d i t io n  o f  ATP r a p id ly
( w i th in  15~30 rain) b e g in  to  d i s i n t e g r a t e .  T h is  d i s i n t e g r a t i o n  in c lu d e s  
th e  d i s s o c i a t i o n  o f  th e  o u te r  c e l l  membranes a s  w e l l  a s  th e  c o l la p s e  
o f  th e  i n t e r n a l  s t r u c t u r e  (W eidner and T r a g e r ,  1973). I n  th e  ab sen ce  
o f  ATP, th e  medium g lu c o se  c o n c e n t r a t io n  rem ain s  v i r t u a l l y  unchanged 
in d i c a t i n g  t h a t  an  exogenous e n e rg y  s o u rc e  may be n e c e s s a ry  f o r  g lu c o se  
u t i l i z a t i o n  by m ic ro s p o r id a n  p a r a s i t e s .  When com pared to  sp o ro p la sm s 
m a in ta in e d  in  su p p lem en ted  m e d ia , c e l l s  d e p r iv e d  o f  ATP e v o lv e  red u ced  
q u a n t i t i e s  o f  p y ru v a te  and b a r e ly  d e t e c t a b l e  am ounts o f  l a c t a t e .  A 
p o r t i o n  o f  th e  p y ru v a te  may be a t t r i b u t a b l e  to  th e  le a k a g e  o f  g ly c o ly t i c  
enzymes from  d e t e r i o r a t i n g  c e l l s .  H ow ever, s in c e  sp o ro p lasm s do n o t 
a p p e a r  to  s i g n i f i c a n t l y  consume exogenous g lu c o se  in  th e  ab sen ce  o f  
ATP, th e  p ro d u c t io n  o f  p y ru v a te  i s  more l i k e l y  due to  th e  u t i l i z a t i o n  
o f  some endogenous c a rb o h y d ra te  s o u r c e .  The a c c u m u la tio n  o f  p y ru v a te  
i n  th e  c u l t u r e  medium may r e s u l t  from  th e  le a k a g e  o f  t h i s  m e ta b o l i te  
th ro u g h  th e  d is o rg a n iz e d  membranes o f  c e l l s  m a in ta in e d  w ith o u t ATP, 
p r i o r  to  i t s  f u r t h e r  m e tab o lism  to  l a c t a t e .
The p re s e n c e  o f  10 mM NaF to  M 199 c o n ta in in g  3  mM ATP v i r t u a l l y  
e l im in a te s  g lu c o se  co n su m p tio n . NaF r e p r e s e n t s  a  p o te n t  i n h i b i t o r  o f  
th e  g ly c o ly t i c  e n o la s e  r e a c t i o n .  W ith th e  a d d i t io n  o f  f l u o r i d e ,  Mg 
( a  d iv a l e n t  c a t i o n  f o r  w hich e n o la s e  h a s  an  a b s o lu te  re q u ire m e n t)  
i s  in c lu d e d  in  an  i n h i b i t o r y  s p e c i e s ,  m agnesium  f lu o r o p h o s p h a te , 
w hich  com plex w ith  th e  enzyme th e re b y  p r e v e n t in g  s u b s t r a t e  b in d in g  
(L e h n in g e r , 1975; W hite e t  a l . ,  1978 ). Sporop lasm s exposed  to  NaF 
do n o t  consume exogenous g lu c o se  n o r  do th e y  e v o lv e  s u b s t a n t i a l  
q u a n t i t i e s  o f  g ly c o ly t i c  e n d -p ro d u c ts .
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G ly c o ly s is  a p p e a rs  to  be  a  m a jo r pathw ay o f  g lu c o se  m e tab o lism  
in  m ic ro sp o r id a n  p a r a s i t e s *  G lucose consum ption  le a d s  to  th e  p ro d u c tio n  
o f  s i g n i f i c a n t  q u a n t i t i e s  o f  l a c t a t e  a n d , to  a  l e s s e r  e x t e n t ,  p y ru v a te . 
The r e l a t i v e  im p o rtan c e  o f  th e s e  m e ta b o l i te s  a s  th e  in  v iv o  e n d - 
p ro d u c ts  o f  g ly c o ly s i s  rem a in s  u n c le a r .  I n  b lo o d s tre a m  form s o f  
try p a n o so m es , a e r o b ic  and a n a e ro b ic  g lu c o se  f e rm e n ta t io n  r e s u l t s  i n  
th e  g e n e r a t io n  o f  l a r g e  am ounts o f  p y ru v a te  and o n ly  t r a c e  am ounts o f  
l a c t a t e  (G ran t and F u l to n ,  1975; Bowman e t  a l . ,  1970). I n  m a la r ia  
o rg a n ism s , how ever, th e  o p p o s i te  t r e n d  h a s  b een  re c o rd e d  and l a c t a t e  
i s  th e  p r i n c i p l e  e n d -p ro d u c t o f  p a r a s i t e  g ly c o ly s i s  (W endel, 1943; 
S ilv e rm an  e t  a l . ,  1944; Speck e t _ a l . , 1946; F u lto n  and S p o o n er, 1956; 
Bowman e t  a l . ,  1960; Sherman e t  a l . ,  1969).
The r a t e s  o f  g lu c o s e  u t i l i z a t i o n  and l a c t a t e  o r  p y ru v a te  p ro ­
d u c t io n  by p a r a s i t i c  p ro to z o a n s  a re  t y p i c a l l y  q u i te  v a r i a b l e  and d is p la y  
p a r a s i t i c  s t r a i n ,  e n v iro n m e n ta l  and l i f e  c y c le  s ta g e  d i f f e r e n c e s  
(von  B ran d , 1973). I n  a d d i t i o n ,  i t  i s  o f t e n  r a t h e r  d i f f i c u l t  to  
com pare p r e c i s e  num bers from  in d iv id u a l  s t u d i e s  b e ca u se  s u g a r  con­
su m p tio n  u s u a l ly  i s  r e f e r r e d  to  u n i t  number o r  volume o f  o rg an ism s 
r a t h e r  th a n  to  u n i t  w e ig h t b e ca u se  o f  th e  t e c h n i c a l  d i f f i c u l t i e s  o f  
o b ta in in g  r e l i a b l e  d ry  w e ig h t f ig u r e s  (v o n  B ran d , 1 9 7 3 ). H ow ever, 
v a lu e s  o b ta in e d  f o r  g lu c o s e  u t i l i z a t i o n  and l a c t a t e  p ro d u c tio n  
by A. m ic h a e l is  sp o ro p la sm s  c o rre sp o n d  w e l l  to  d a ta  from  s e v e r a l  
Plasm odium  s p e c ie s  (S peck  e t  a l . ,1 9 4 6 ; Bowman e t  a l . ,  1960) and 
Toxoplasm a g o n d ii  (F u l to n  and  S p o o n er, 1960).
The p ro d u c tio n  o f  l a c t a t e  by i s o l a t e d  m ic ro s p o r id a n  p a r a s i t e s
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may r e p r e s e n t  a  s i g n i f i c a n t  c o n t r ib u t io n  to  th e  a cc u m u la tio n  o f  t h i s  
m e ta b o l i te  in  th e  th o r a c i c  s k e l e t a l  m uscle  o f  in f e c te d  b lu e  c r a b s .
In  l i g h t  o f  in fo rm a t io n  s u p p l ie d  by  Ameson m ic h a e l is  sp o ro p la sm s i t  
seems re a s o n a b le  to  assum e t h a t  s p o r o b la s ts  o f  m uscle  a re  a l s o  c a p a b le  
o f  p ro d u c in g  s u b s t a n t i a l  q u a n t i t i e s  o f  l a c t a t e .  A d d i t io n a l ly ,  in  i t s  
s t r e s s e d  c o n d i t io n ,  h o s t  m uscle  t i s s u e  i s  l i k e l y  to  be  a  r a t h e r  
a n a e ro b ic  e n v iro n m e n t. The ab sen ce  o f  oxygen w ould f u r t h e r  enhance 
th e  p ro d u c t io n  o f  l a c t a t e  by  b o th  h o s t  c e l l s  and m ic ro s p o r id a n  
p a r a s i t e s .
I f  we assum e l a c t a t e  to  be  th e  m a jo r e n d -p ro d u c t o f  m ic ro s p o r id a n  
f e r m e n ta t io n ,  th e  p re s e n c e  o f  s u b s t a n t i a l  am ounts o f  p y ru v a te  may be 
r a t i o n a l i z e d  th ro u g h  one o r  more o f  th e  fo llo w in g  e x p la n a t io n s :
( i )  The le a k a g e  o f  p y ru v ic  a c id  to  th e  s u r ro u n d in g  medium may be an 
a r t i f a c t  o f  u n fa v o ra b le  in  v i t r o  c o n d i t io n s ,  ( i i )  S in ce  m ic ro s p o r id a n s  
la c k  m ito c h o n d r ia ,  p y ru v a te  may in d eed  be  p a s se d  to  th e  h o s t  c e l l  
in  v iv o  f o r  i t s  co m p elte  o x id a t io n  to  c a rb o n  d io x id e  and w a te r .
( i i i )  D e sp ite  th e  ab sen ce  o f  m ito c h o n d r ia ,  m ic ro s p o r id a n s  may s t i l l  
p o s s e s s  f u n c t io n a l  p o r t io n s  o f  th e  t r i c a r b o x y l i c  a c id  c y c le .
H ow ever, b e ca u se  th e  TCA c y c le  would be in c o m p le te  in  th e  p a r a s i t e ,  
h o s t  c e l l  m ach in ery  may be  r e q u i r e d  f o r  th e  c o o p e r a t iv e  h a n d lin g  o f  
p y r u v a te .  T h is  l a s t  a l t e r n a t i v e  a c t u a l l y  h a s  c o n s id e r a b le  f a c t u a l  
b a s i s  s in c e  some o f  th e  enzymes o f  th e  TCA c y c le  ( i . e . ,  a c o n i t a s e ,  
fu m arase  and m a la te  d e h y d ro g en ase ) a r e  a l s o  found in  th e  e x t r a m i to -  
c h o n d r ia l  c y to p la sm  (L e h n in g e r , 1975). I n  a d d i t i o n ,  m ic ro s p o r id a n  
p a r a s i t e s  a r e  f r e q u e n t ly  found s u s p ic io u s ly  n e a r  h o s t  c e l l  m ito c h o n d r ia
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d u r in g  t h e i r  grow th p h ase  o f  dev elo p m en t (W eidner and  T ra g e r ,  1973).
O b se rv a tio n s  c o n c e rn in g  th e  r e l a t i v e  im p o rtan c e  o f  g ly c o ly s i s  
and th e  TCA c y c le  in  th e  c a rb o h y d ra te  m etab o lism  o f  a v ia n  m a la r ia  
p a r a s i t e s  may a ls o  be p e r t i n e n t  to  th e  s i t u a t i o n  in  m ic ro s p o r id a n s . 
M a la r ia  o rg an ism s have m ito c h o n d r ia  an d  a p p ea r to  p o s s e s s  a  c o m p le te ly  
f u n c t io n a l  TCA c y c le .  H ow ever, s e v e r a l  s tu d ie s  h av e  in d ic a te d  t h a t  
g ly c o ly s i s  i s  th e  m ajo r pathw ay  o f  g lu c o se  c a ta b o l is m  in  Plasm odium  
(M ou lder, 1962; Sherman e t  a l . ,  1 9 7 0 ). M a la r ia  p a r a s i t e s  m a in ta in e d  
e x t r a c e l l u l a r l y  fo llo w in g  i s o l a t i o n  from  h o s t  e r y th r o c y te s  lo s e  key 
in te r m e d ia te s  o f  the  TCA c y c le  th ro u g h  d i f f u s io n  ( s e e  Seed and M anw ell,
1977). I f  t h i s  c o n d i t io n  o c c u rs  in  v iv o  a s  w e l l ,  i t  may e x p la in  th e  
i n e f f i c i e n c y  o f  th e  TCA c y c le  in  m a la r i a  p a r a s i t e s  and  th e  p o s s i b i l i t y  
o f  h o s t  c e l l  i n t e r v e n t io n  i n  th e  m e ta b o lism  o f  p a r a s i t i c  g ly c o ly t i c  
in te r m e d ia te s  (M oulder, 1 9 6 2 ).
D e sp ite  num erous i n v e s t i g a t i o n s  d e t a i l i n g  c a rb o h y d ra te  m e tab o lism  
in  p a r a s i t i c  p ro to z o a n s , r e l a t i v e l y  few  s tu d ie s  h ave  a d d re s se d  th e  
q u e s t io n  o f  g lu c o se  t r a n s p o r t  i n to  th e s e  c e l l s .  The u se  o f  a p p r o p r ia te  
a n a lo g s  to  i n h i b i t  th e  u p ta k e  and u t i l i z a t i o n  o f  g lu c o s e  by b lo o d s tre a m  
form s o f  trypanosom es s u g g e s te d  th e  p ro b a b le  o c c u r re n c e  o f  a  m ed ia ted  
t r a n s p o r t  m echanism  (S eed  e t  a l . ,  1965 ). A d d i t i o n a l ly ,  e n tra n c e  
o f  c a rb o h y d ra te s  in to  c e l l s  a t  low an d  h ig h  s u b s t r a t e  c o n c e n tr a t io n s  
may p ro c e ed  by  d i s s i m i l a r  m echanism s (M in, 1965; 1 9 6 6 ). In  th e  
i n s e c t  try p a n o so m id , C r i t h i d i a  l u c i l i a e , d a ta  c o n c e rn in g  p e n e t r a t i o n  
k i n e t i c s ,  s p e c i f i c i t y ,  Qjq  and e f f e c t s  o f  m e ta b o l ic  i n h i b i t o r s  i n d i c a t e  
t h a t  c a rb o h y d ra te  u p ta k e  o c c u rs  by a n  a c t iv e  t r a n s p o r t  m echanism  a t
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low  (0 .5  raMO e x te r n a l  s u b s t r a t e  c o n c e n t r a t io n ,  w hereas f a c i l i t a t e d  
d i f f u s i o n  p re d o m in a te s  a t  h ig h e r  (20  mM) c o n c e n t r a t io n s  (M in, 1965; 
1966).
Ameson m ic h a e l is  sp o ro p la sm s  a re  c a p a b le  o f  a cc u m u la tin g  g lu c o se  
from  th e  e x t e r n a l  medium. The r a t e  o f  g lu c o se  u p ta k e  a t  low  (0 .5  mM) 
s u b s t r a t e  c o n c e n t r a t io n s  ( M 1 ym oles/10^®  s p o ro p la s m s /h r )  i s  g r e a te r  
th a n  t h a t  o b se rv ed  f o r  h ig h e r  (5 .5  mM) c o n c e n t r a t io n s  ( “V2 y m o le s /1 0 10 
s p o r o p la s m s /h r ) . F o llo w in g  a  60 m in in c u b a t io n  p e r io d ,  an  a p p a re n t 
s t e a d y - s t a t e  c o n d i t io n  i s  a c h ie v e d  in  w hich no f r u t h e r  in c r e a s e s  in  
g lu c o se  u p ta k e  a r e  o b s e rv e d . I n  f a c t ,  w ith  p ro lo n g e d  in c u b a t io n  
(>60 m in ) , a  g ra d u a l  d e c l in e  in  th e  c e l l u l a r  r a d io a c t i v e  l a b e l  i s  
o b s e rv e d . T h is  r e s u l t  may b e  a t t r i b u t a b l e ,  in  p a r t ,  to  th e  u se  o f  a  
r e a d i l y  m e ta b o l iz a b le  s u g a r  s in c e  th e  d e c re a s e  i n  c e l l  a c t i v i t y  ro u g h ly  
c o in c id e s  w ith  th e  a p p ea ra n ce  o f  l a c t a t e  and p y ru v a te  in  th e  c u l tu r e  
medium.
R a d io a c tiv e  t r a c e r  m easurem ents o f  g lu c o se  u p ta k e  by  m ic ro s p o r id a n  
c e l l s  i s  c o n s id e ra b ly  low er th a n  m ig h t be e x p e c te d  from  en zy m atic  
d e te rm in a t io n s  o f  g lu c o se  d is a p p e a ra n c e  form  th e  c u l tu r e  medium. T h is  
o b s e r v a t io n  may be  a  s i g n i f i c a n t  consequence  o f  th e  d i l u t i o n  o f  
l a b e l l e d  g lu c o se  b y  a  l a r g e r  u n la b e l le d  s u b s t r a t e  p o o l ,  a s i t u a t i o n  
w hich i s  e x a c e rb a te d  by th e  low  s p e c i f i c  a c t i v i t y  o f  th e  l a b e l l e d  
m a te r i a l  ( i . e . ,  d e c re a se d  s e n s i t i v i t y  o f  th e  a s s a y  m e th o d ). In  
a d d i t i o n ,  g lu c o se  t r a n s p o r t  v a lu e s  may be a r t i f i c i a l l y  low ered  by 
th e  e x i t  o f  * ^ C -la b e le le d  e n d -p ro d u c ts  ( i . e . ,  p y ru v a te  and l a c t a t e )  
from  r a p id ly  m e ta b o liz in g  c e l l s .
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I n  many c e l l  t y p e s ,  th e  t r a n s p o r t  o f  c e r t a i n  s u g a r s  i s  c o u p le d  
to  th e  c o n t in u a l  p r o g r e s s  o f  sod ium  io n  movement (Na+- g r a d i e n t  
d e p e n d e n t s u g a r  t r a n s p o r t )  (C ra n e , 1962; C rane e t  a l . ,  19 7 8 ).
A c co rd in g  to  a  c u r r e n t  m o d e l, c a t i o n  and s u b s t r a t e  a r e  th o u g h t to  
j o i n  w ith  a  . s p e c i f i c  p r o t e i n  c a r r i e r  t o  e s t a b l i s h  a  t e r n a r y  com plex 
w hich  c o - t r a n s p o r t s  b o th  s p e c ie s  a c r o s s  th e  membrane b a r r i e r  (C ran e  
e £  a l . , 1 9 7 8 ) .  T h e r e f o r e , th e  u p ta k e  o f  Na+-d e p e n d e n t  s u g a r s  ( i . e . ,  
g lu c o s e )  by  c e l l s  i s  d e te rm in e d  b y  th e  p re s e n c e  and c o n c e n t r a t io n  o f  
sod ium  i o n s .  A d d i t i o n a l ly ,  th e  am ount o f  s u g a r  a c c u m u la tio n  i s  a 
f u n c t io n  o f  e n e rg y  a v a i l a b l e  i n  transm em brane  io n  g r a d i e n t  g e n e r a te d  
by th e  Na+ pump (C ra n e , 19 7 7 ).
The i n t e r a c t i o n  o f  sodium  io n  and s u g a r  t r a n s p o r t  may be  d is c e r n e d  
by  e f f e c t i v e l y  e l im in a t in g  one p r o c e s s  and d e m o n s tra t in g  th e  o th e r  to„ _ . . . w
be i n h i b i t e d  a s  w e l l .  F o r e x a m p le , p h l o r i z i n ,  an  i n h i b i t o r  o f  s u g a r  
t r a n s p o r t ,  h a s  an  a c t i o n  on sod ium  movement i n  th e  p re s e n c e  o f  Na+-  
d e p e n d e n t s u g a r s ,  b u t  n o t  i n  t h e i r  a b se n c e  (C ra n e , 1962; C rane e t  a l . ,
1 9 7 8 ). C o n v e rs e ly , s p e c i f i c  p o is o n s  o f  a c t i v e  sodium  m ovem ent, su ch
* » 4*a s  o u a b a in  o r  a m i lo r id e ,  i n h i b i t  th e  movement o f  Na -d e p e n d e n t  s u g a r s  
(C la u s e n , 1 9 6 6 ).
G lu co se  u p ta k e  by  Ameson m i c h a e l i s ' sp o ro p la sm s  d i s p la y s  
s e n s i t i v i t y  tow ard  known i n h i b i t o r s  o f  sodium  t r a n s p o r t .  The 
e n e rg y -d e p e n d e n t e x t r u s io n  o f  Na+ from  c e l l s  i s  v e r y  s p e c i f i c a l l y  
i n h i b i t e d  by th e  c a r d i a c  g ly c o s i d e ,  o u a b a in .  A t low  s u b s t r a t e  
c o n c e n t r a t io n s  ( 0 .5  mM), 1 mM o u a b a in  e f f e c t i v e l y  i n h i b i t s  (b y  ^75%) 
g lu c o s e  t r a n s p o r t ,  w h e rea s  g lu c o s e  u p ta k e  i s  c o n s id e r a b ly  l e s s  a f f e c t e d
by o u a b a in  ('\>45% i n h i b i t i o n )  a t  h ig h e r  s u b s t r a t e  l e v e l s  ( 5 .5  mM).
T hese  d a t a  i n d i c a t e  t h a t  g lu c o se  u p ta k e  may o c c u r  by  d i s s i m i l a r  
m echanism s a t  low and h ig h  s u b s t r a t e  c o n c e n t r a t io n s *  The u s e f u ln e s s  
o f  o u a b a in  a s  a  p o te n t  i n h i b i t o r  o f  Na+ e f f l u x  may be  im p a ire d  by 
th e  h ig h  c o n c e n t r a t io n  o f  e x t e r n a l  K i o n s .  P o ta s s iu m  h a s  b e en  shown 
to  im pede th e  b in d in g  o f  c a r d ia c  g ly c o s id e s  to  io n  pum ping s i t e s  (B ak er 
and W i l l i s ,  197 0 ). I n  th e  p re s e n c e  o f  0 .5  mM a m i lo r id e ,  th e  t r a n s p o r t  
o f  g lu c o s e  i n t o  c e l l s  i s  a l s o  p r e f e r e n t i a l l y  i n h i b i t e d  a t  low r a t h e r  
th a n  h ig h  s u b s t r a t e  c o n c e n t r a t i o n s .  H ow ever, i n h i b i t i o n  by  a m ilo r id e  
i s  n o t  a s  d ra m a tic  a s  e v id e n c e d  w ith  o u a b a in  t r e a tm e n t .  The 
e f f e c t i v e n e s s  o f  a m ilo r id e  h a s  p ro b a b ly  b e en  com prom ised to  some e x t e n t  
by  th e  h ig h  sodium  c o n c e n t r a t io n  o f  th e  medium.
Sodium  f l u o r i d e ,  an  i n h i b i t o r  o f  g l y c o l y s i s ,  i s  a l s o  an  e f f e c t i v e  
i n h i b i t o r  o f  g lu c o s e  e n t r y  i n t o  m ic ro s p o r id a n  c e l l s .  The e x a c t  
m echanism  f o r  t h i s  a c t i o n  re m a in s  u n c le a r  h o w ev er, f l u o r i d e  may 
s i g n i f i c a n t l y  a l t e r  c e l l u l a r  Na+ m ovem ent. 30 mM NaF v i r t u a l l y  
e l i m i n a t e s  sodium  e f f l u x  from  th e  b a c te r iu m , E s c h e r ic h ia  c o l i  (S c h u l tz  
and Solom on, 196 1 ). A d d i t i o n a l l y ,  f l u o r i d e  may a f f e c t  g lu c o s e  t r a n s ­
p o r t  i n d i r e c t l y  by  a b o l i s h in g  th e  p r im a ry  e n e r g y - y ie ld in g  pathw ay  
i n  th e s e  p a r a s i t e s  th e re b y  e l im in a t in g  c e l l u l a r  ATP p o o l s .
Our d a ta  s u g g e s t  t h a t  g lu c o se  t r a n s p o r t  i n  m ic ro s p o r id a n  c e l l s  
i s  m e d ia te d  th ro u g h  a  Na+-d e p e n d e n t p r o c e s s .  The r e l a t i v e  im p o rta n c e  
o f  su c h  a  m echanism  a p p e a rs  to  d i f f e r  a t  low  and  h ig h  s u b s t r a t e  
c o n c e n t r a t i o n s .  Min (1 9 6 5 ; 1966) s u g g e s te d  t h a t  c a r b o h y d ra te  
t r a n s p o r t  i n  C r i t h i d i a  l u c i l i a e  p ro c e e d s  a lm o s t e x c l u s i v e l y  by e i t h e r
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a c t iv e  t r a n s p o r t  o r  f a c i l i t a t e d  d i f f u s io n  a t  low  and h ig h  s u b s t r a te  
l e v e l s ,  r e s p e c t iv e ly .  In  Ameson m ic h a e l i s , how ever, such  a  sh a rp  
d i s t i n c t i o n  can n o t be m ade. R ath er th e  p reem inence  o f  Na+*-dependent 
v e rs u s  Na+- in d e p e n d e n t su g a r  t r a n s p o r t  v a r i e s  w ith  th e  g lu c o se  l e v e l  
o f  th e  c u l tu r e  medium.
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